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OBITUARY NOTICE. 
SAMUEL BARNETT SCHRYVER (1869-1929). 


THE death of Samuel Barnett Schryver, which occurred on August 21st, 1929, 
after an illness of several months’ duration, has deprived Biochemistry of an 
active worker, possessed of a mind fertile in original ideas, and still at the height 
of intellectual activity. Schryver was an original member of the Biochemical 
Society, in the affairs of which he always took a great interest, and he fre- 
quently presided over the meetings held in his laboratory at South Kensington. 
Schryver was born in London in 1869 and was educated at University College 
School, University College and the University of Leipzig where he graduated 
Ph.D. After his return to England he was appointed in 1893 Demonstrator 
in Chemistry under Campbell Brown at University College, Liverpool, where 
he remained until 1897. Early in 1898 he joined the staff of the Wellcome 
Research Laboratory and retained this position until March 1901, when he 
was appointed Lecturer in Physiological Chemistry at University College, 
London. Up to this time he had been engaged in research on a variety of 
subjects in Organic Chemistry, but here for the first time he came into direct 
contact with biochemical problems and henceforward until his death he was 
continuously engaged in biochemical and physiological research. He left 
University College in 1907, on his appointment as Physiological Chemist to 
the Research Institute of the Cancer Hospital and in 1913 joined the Staff 
of the Imperial College of Science at South Kensington as Assistant Professor, 
becoming full Professor of Biochemistry in 1920. He was elected to the 
Fellowship of the Royal Society in 1928. 

In 1910 Schryver married Miss E. Davies, who, with their two daughters, 
survives him. 

In the course of unsuccessful attempts to effect synthesis of proteins from 
peptones in presence of intestinal mucous membrane his attention was drawn 
to the phenomenon of autolysis, which was investigated in some detail (1904, 
1905, 1906). He finally reached the conclusion that the autolysis of the 
organs in vivo was regulated by chemical means and that the normal supply 
of nitrogenous food yielded by its breakdown sufficient ammonia to prevent 
the tissues from becoming acid and then undergoing autolysis. 

Whilst at University College he also made experiments (with Hamill) on 
the excretion of nitrogen by normal individuals, finding that it corresponded 
to a daily intake of 93 g. of protein. In the course of investigations carried 
out for the Local Government Board he devised new and delicate methods 
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for the detection of tin and of forma'dehyde in foodstuffs. The application 
of the latter test enabled him to show the production of formaldehyde when 
chlorophyll was exposed to sunlight in the presence of moist carbon dioxide. 

At the Cancer Hospital he carried out with Dr C. Singer investigations 
on the gastric juice in malignant and non-malignant diseases of the stomach 
and duodenum (1913) in which chemical methods (e.g. determination of the 
peptic index and of the ratio of acid combined with amino-acids to total 
nitrogen) were applied to diagnosis. Here too he began work on the state of 
aggregation of matter which led directly to the study of clot formation, the 
results of which formed the subject of a series of papers published between 
1910 and 1919. These included useful studies of the relation between the vis- 
cosity and surface tension of salt solutions and the effect of these salts on 
clotting and gel formation, and an intensive examination of the clotting of 
milk by rennin, in the course of which he showed that caseinogen is converted 
into a less soluble ““metacaseinogen” by treatment with hot water, but that 
this substance differs in properties from the casein produced by rennin. 

Schryver’s deep interest in gel formation was maintained in the investi- 
gations which he carried out at the Imperial College. These followed two 
main lines. In the first place he attacked the constituents of plant cells, 
preparing and studying the proteins of leaves and also studying the cell wall, 
from which he isolated the pectins and hemicelluloses which take a part in 
its structure. He came to the conclusion that pectinogen is a trimethyl ester 
of pectic acid loosely combined with metallic ions, such as Ca, and that 
pectic acid and the hemicelluloses, a number of which were isolated from 
various materials, were both complexes of “uronic acids” and sugars, as 
suggested by Ling and Ehrlich. For such complexes he suggested the name 
“polyuronides.” Lignification of tissue he found (1928) to be accompanied 
by the disappearance of pectins. 

The second group of researches arose from work done under the auspices 
of the Adhesives Research Committee of which he was made a member. This 
Committee was appointed by the Department of Scientific and Industrial 
Research in 1919 to take over the work of the Adhesives Committee originally 
appointed by the Conjoint Board of Scientific Societies in the latter part of 
1917. This work resulted in two series of papers, on the preparation, purifica- 
tion and properties of gelatin and on the separation of the products of protein 
hydrolysis. Many of these results are also contained in the First and Second 
Reports of the Adhesives Research Committee (1922, 1926) and a Third 
Report is in course of preparation. 

The formation of gelatin from its precursors, collagen and ossein, was 
studied from the physico-chemical standpoint with interesting results. 
Elaborate attempts were made to “purify” gelatin and obtain a material 
which could be regarded as a chemical entity, but without complete success. 
A large degree of purification could be effected by electrolysis and by floccu- 
lation in an electric field. The resulting material, however, is probably to 
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some degree contaminated by products formed by the action of water, which 
produces an irreversible change, measurable in a few hours, even at 37°. 
Such “purified” gelatin is almost insoluble in water at 15° and is very similar 
in properties to the globulins, from which it differs by its power of readily 
forming gels when dispersed in either acids, alkalis or salts. 

In the course of these researches the important observation was made that 
the composition of gelatin was not constant, but varied with the treatment 
to which either the gelatin itself or its precursor had been subjected. This was 
detected by a variation in the percentage of the total nitrogen of the hydro- 
lysis products which was precipitated by phosphotungstic acid (diamino- 
nitrogen). Thus the hydrolysis products of gelatin from a precursor which 
had been treated with dilute alkali yielded 29-5 %, whereas those of gelatin 
from the same precursor treated with dilute acid gave only 26-00% of 
diamino-nitrogen: gelatin itself showed similar changes. 

These facts have been criticised by Daft, working in the Carlsberg 
Laboratory, but the criticism has been refuted by Thimann, one of Schryver’s 
students. The investigation of this phenomenon led to the work on the sepa- 
ration of the products of protein hydrolysis. In this pioneering work, which 
must be regarded as preliminary and‘ awaiting further extension and con- 
firmation, Schryver developed a method of separation of the products of 
protein hydrolysis which depended on the use of Siegfried’s barium carbamate 
compounds of the amino-acids. In this way he obtained from the hydrolysis 
products of isinglass (and edestin, but not of caseinogen or egg-albumin) 
hydroxylysine, in the form of a barium carbamate soluble in 70 % alcohol 
but insoluble in cold water, whilst from the glutelin which he isolated from 
oats he obtained two new hydroxyamino-acids, hydroxyaminobutyric acid, 
which forms an insoluble copper salt, and hydroxyaminovaleric acid, which 
forms a soluble copper salt. 

In addition to this he obtained a new eight-carbon acid, C,H,,0,N;, which 
he termed protoctine, from the phosphotungstic acid precipitate obtained 
from the soluble carbamate from glutelin and the protein of castor bean. 
Finally, dl-lysine was obtained from gelatin which had been treated with 
acid before being hydrolysed and to this the increased percentage of diamino- 
nitrogen found in such gelatin was traced. No clue was, however, found to 
the origin of this extra lysine. 

Schryver (with Chibnall) also initiated an investigation into the proteins 
of leaves, which has been continued with great success by Chibnall. He, 
moreover, isolated a crystalline substance, C,H,O,, from cabbage leaves which 
he regarded as a disaccharide derived from glycollic aldehyde and formal- 
dehyde. 

From 1918 up to the time of his death he was also engaged in researches 
on the autolysis and nutrition of yeast in connection with the Research 
Scheme of the Institute of Brewing. The interesting fact was observed that 
when yeast is washed it only autolyses very slowly, and much work was 


15—2 





232 OBITUARY NOTICE — 


expended in endeavouring to trace the presumed agent removed by washing, 
but without any definite result (1927). The work on yeast nutrition had only 
reached a preliminary stage at the time of Schryver’s death. 

He was the author of two books. An introduction to the study of biological 
chemistry (1918) provided a general introduction to organic chemistry, followed 
by special chapters on “The chief chemical constituents of the animal body 
(fats and lipoids, carbohydrates, proteins)”; “The methods employed for 
the investigation of chemical changes within the animal organism (metabolism, 
total and intermediary) ’’; and “The chemical processes taking place in plants 
(including enzyme actions).” This was also the plan he adopted in his 
lectures. He also contributed in 1909 an early volume to Longmans Series 
of Monographs on Biochemistry on The general characteristics of the proteins. 

Many of Schryver’s researches were published in collaboration with his 
students, a number of whom are now pursuing independent investigations in 
continuation of the work first begun under his direction at South Kensington. 


A. H. 





XXIX. THE EFFECT OF CEREAL EXTRACTS 
ON BLOOD-CALCIUM. 


By LOUIS MIRVISH. 
From the Department of Physiology, University of Cape Town. 


(Received December 31st, 1929.) 


THE concentration of calcium in the blood is remarkably constant in man and 
in the laboratory animals so far investigated. Apart from such procedures as 
dilution of the blood, or administration of salts of calcium or phosphorus, the 
blood-calcium has not been found to vary to any appreciable extent, except 
under the influence of certain internal secretions. Collip [1925] has established 
the réle of the parathyroid in raising the blood-calcium, and Mirvish and 
Bosman [1927] have shown that extracts of bovine ovaries are able to bring 
about a fall of blood-calcium in a characteristic manner in both rabbits and 
man. A very similar action was found for extracts of suprarenal cortex 
[Mirvish and Bosman, 1929, 1], and probably also for the testis [Mirvish and 
Bosman, 1929, 2]. Bearing in mind the necessity for correlation of animal and 
plant physiology, I proceeded to investigate extracts of plant organs, and chose 
oatmeal as a convenient possible source of this “ovarian” substance. 
Oatmeal has been shown to be associated in some way with a pathological 
phase of calcium metabolism, ?.e. rickets. The chief evidence in this connection 
has been brought forward by E. Mellanby [1922], who showed that puppies 
on a bare sufficiency of the antirachitic vitamin D could be made to develop 
rickets by feeding on a diet of cereals, the most potent rickets-producing of 
which was oatmeal. This work was later extended by Green and Mellanby 
[1928], who showed that the same interfering action of cereals on the calcifica- 
tion of bones could be demonstrated in rats, and an ingenious method was 
evolved by these observers to determine quantitatively the degree of anti- 
calcifying activity of different cereals. They also showed that this anti- 
calcifying power could be counteracted by simultaneous administration of 
more vitamin D or of calcium carbonate. They could, however, destroy the 
anti-calcifying factor by boiling the oatmeal with 1 % HCl. Holst [1927] has 
obtained similar results. He was able to produce rickets in rats by feeding 
exclusively on cereals and yellow peas, but not by feeding with rice-starch 
alone. If oatmeal is extracted with dilute hydrochloric acid, and the extract 
is given in addition to the starch, the animals develop rickets. It seems, there- 
fore, that here is a positive factor, which Holst calls a “toxic substance,” the 
mode of action of which cannot be accounted for by the vitamin-deficiency 
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theory of rickets. Holst finds that the production of rickets by feeding with 
cereals can be prevented by the administration of calcium salts, whereas 
phosphates have no such effect. M. Mellanby [1923], working on puppies, 
found that the greater the amount of cereal eaten, other things being equal, 
the greater the tendency to the production of badly calcified teeth. 

Another series of observations of a different kind points to the presence in 
certain plants of an “ovarian” substance. There is evidence that some plants 
contain a substance of the same nature as the “female sex hormone” or 
“oestrin,” as seen by the partially positive vaginal smear reactions obtained 
with extracts of flax and hemp seeds [Kountz, 1927], and by the positive 
oestrus obtained by Loewe and his associates [1927], using willow catkins and 
other plants. 

The purpose of the present experiments was to attempt to obtain from 
oatmeal a substance similar to that extracted from bovine ovaries in its action 
in lowering the blood-calcium. 


EXPERIMENTAL. 


The cereals employed for extraction were oatmeal, wheat germ, and maize 
meal, but the majority of the observations were made on finely ground, un- 
treated oatmeal. In the earlier part of my work rectified spirit was used to 
extract the cereal meal directly, either by. percolation in the cold or by ex- 
tracting on the water-bath and purifying as in the case of the ovary. Most of 
these extracts gave positive results when tested on the blood-calcium, as did 
simple aqueous extracts. But these methods of extraction were not used 
further, as I wanted to ascertain whether the extract of oatmeal with dilute 
hydrochloric acid, which Holst found to be rachitogenic, possessed also the 
calcium-reducing property. The method eventually adopted for the prepara- 
tion of extracts, of which a preliminary account has already been given 
[Mirvish, 1929], was as follows. 

The meal was put in canvas bags, which were suspended in a bath con- 
taining the solution for extraction, usually 0-5 % to 1% HCl in water, and 
left to soak for a day or two. The bath was then placed in a larger water-bath 
and heated for 2-4 hours. The fluid extract was then poured off, and the bags 
of meal drained without being squeezed. The bags of meal were then extracted 
a second time either with plain water or again with 0-5 % HCl in water exactly 
as before, and the two extracts combined. On an average 6 litres of water 
were used to extract 1 kg. of meal, yielding a yellowish solution containing 
a minimum of starch. 

The solution was next evaporated to small bulk. During all evaporations, 
sodium hydroxide was added from time to time, in order to keep the solution 
constantly weakly acid to litmus. When the bulk of the solution was reduced 
to about a quarter of the original volume, it was filtered through glass-wool 
and the evaporation continued until the final volume was about 100 cc. It 
was then dialysed against distilled water for 24-48 hours. The inner liquid was 
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discarded and the yellow dialysate evaporated to small volume. Several crops 
of crystals (mostly NaCl) could be removed by cooling on ice and further 
evaporation. Finally one obtained a brownish-coloured paste, and for a time 
a neutralised aqueous solution of this was used for injection. Later, however, 
this material was extracted with boiling 95 % alcohol, and the oily yellowish- 
brown liquid remaining after evaporation of the alcohol was dissolved in water 
and used for injection. 

‘ The technique for estimating the effect of the extracts on the blood- 
calcium level was that employed for studying the effect of the ovarian extract 
[Mirvish and Bosman, 1927]. Rabbits, kept under standard conditions, were 
injected with varying amounts of the extracts, and blood was drawn before 
injection and at various intervals after injection. The previous work on ovary 
showed that the blood-calcium falls most frequently 24-48 hours after in- 
jection. Control injections of other tissues (muscle, brain, pancreas, spleen, 
kidney), and of cholesterol and olive oil produce no such fall in blood-calcium, 
and one must therefore attribute it to the specific substance present in the 
extract. Some of the results obtained with various types of extract are given 


in Table I. 


Table I. Injection of various extracts of oatmeal compared 
with injection of ovarian extract. 


Serum-calcium in mg. per 100 cc. 
A. 





t ~ 
After After After 
Rabbit Injected subcutaneously Normal 24 hrs. 48 hrs. 72 hrs. 
Oatmeal extracted with 95 % alcohol. 

11 Extract representing 40 g. oatmeal 17-5 18-0 17-5 16-9 

12 ” 7 60 g. er 17-5 14-5 14:5 16-5 

39 5 -s 150 g. ‘s 15-0 10-0 12-1 — 

40 9 9 375 g. : 14-0 11:3 13-8 — 

41 » 9 375g. 55 15-0 12-2 11-0 ~ 


Oatmeal extracted with water. 


Rl Extract W representing 150 g. oatmeal 13-5 12-0 12-5 11-0 
R2 en 3 300g. ,, 14-0 11-0 15 - 10-0 
R5 4 i 200g. ,, 12-8 10-5 = a 
R6 ° e 600g. ,, 11-5 6-6 wi wins 


Oatmeal extracted with 0-5 % HCl. 


¥4 Extract A representing 200 g. oatmeal 13-1 13-1 9-3 14-3 
Y5 = ‘ 250 g. a 13-6 13-1 9-8 _— 
Y6 = ‘ 650 g. > 12-1 8-8 10-7 13-6 
16 ses. ee * 180 g. ye 15-3 13-55 14-5 11-5 
17 = ss 270 g. oe 16-7 14-0 11-8 —_ 
20 we ae es 400 g. * 14-0 15-0 11-5 — 
21 a *» 800 g. =e 11-5 12-0 7-0 — 


Alcoholic extracts of bovine ovary. 


A Representing 25 g. of ovary 14-5 10-5 15-0 — 
B 40g. ,, 15-0 13-0 11-5 fest 
C . 25g. 9 17-0 145 14-0 — 


These results are very similar to those obtained with ovarian extract, the 
only difference being that the minimal effective dose is much larger than in the 
case of the ovary. I next tested the dialysate of this material, as Holst found 
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that his rachitogenic fraction was dialysable, and this fraction, as well as an 
alcoholic solution of it, was also found to be calcium-reducing. The method of 
extraction is of course by no means quantitative, nevertheless it is apparent 
that each process of refinement of the extract progressively lowers its potency 


(Table II). 
Table II. Injection of dialysed extracts of oatmeal. 


Serum-calcium in mg. per 100 cc. 
— 


After After After After 
Rabbit Injected subcutaneously Normal 24hrs. 48hrs. 72 hrs. 96 hrs. 


Oatmeal extracted with 0-5 % HCl and 
dialysed. Dialysate employed. 


Representing 150 g. oatmeal 
99 225 g. ”» 
ce 350 g. = 
2 * 350 g. ‘= 
ne 1000 g. = 


pat fad fed fe fd 
bobo es 
noo Or 


S 


Oatmeal extracted with 0-5 % HCl, dialy- 
sate then extracted with 95 % alcohol. 


Representing 600 g. oatmeal 15-0 
‘ 600g. ,, 16-0 
960g. , 16-0 

1200 g. 15-0 

1800 g. 17-5 

1920g. , 17-5 

2160g. , 18-0 

960 g. 17-5 

1600 g. 18-0 

2400 g. 16-0 


* Injected intraperitoneally. 


DISCUSSION. 


In general the results show that oatmeal extracts are able to reduce the 
blood-calcium of rabbits, both male and female, the maximum depression 
occurring on an average at the end of 24 hours, with a return to normal usually 
within 72 hours after administration. The more effective the dose the earlier 
is the point of maximum depression, so that it may occur as early as 10 hours 
after injection. Intraperitoneal injection has a more rapid action than sub- 
cutaneous. It has been found that some rabbits do not react at all to the in- 
jection, although other animals of the same batch may react to a similar dose 
of the extract employed. The same experience was also encountered with 
extracts of ovary, testis and suprarenal cortex, though the cause is not clear. 
The calcium-reducing substance is present in oatmeal in a concentration of 
about 1/10 to 1/5 of that of the bovine whole ovary. The experiments demon- 
strate that oatmeal has the same effect as ovary on the blood-calcium, attri- 
butable to a substance which I called “calcovarin” in previous work. 

It has been found by various observers that the oral administration of 
oatmeal produces rickets. This effect has been traced to a dialysable substance 
which can be extracted from oatmeal by dilute HCl. An extract obtained in 
the same manner, injected in large doses into animals, produces a noticeable 
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fall of blood-calcium of the same order as that produced by extracts of bovine 
ovary. It has not been determined whether this oatmeal extract given by 
mouth will reduce the blood-calcium, but this is the case with the ovarian 
extract. It would seem then that the rachitogenic and the blood-calcium- 
reducing actions are both a function of the same extract, and one must 
attribute the development of rickets in these cases to an over-supply of 
“calcovarin.” 

‘Another condition where the calcium metabolism is profoundly disturbed 
is osteomalacia, in which the bones are much softened, the blood-calcium is 
low (6-8 mg. per 100 cc.), and tetany is frequent. It has been found that the 
diet of women thus affected contains excess of cereals, and administration of 
cod-liver oil or exposure to sunlight cures or prevents the disease and 
restores the normal blood-calcium level. There is considerable evidence of a 
relationship of the ovarian function to osteomalacia, as it occurs almost 
exclusively in women, is usually associated with puberty or pregnancy, and 
removal of the ovaries frequently cures the condition. Recent investigations 
have disclosed that its occurrence at puberty before pregnancy is at least as 
common as its association with pregnancy, so that the bony softening cannot 
be explained away as due to a drain on the maternal calcium for the require- 
ments of the foetus. In spite of the different types of bony defects, there is 
no doubt that osteomalacia and rickets are closely related diseases occurring 
at different ages. Bearing in mind that the ovarian secretion has the same 
influence on calcium metabolism as the rachitogenic element in oatmeal, one 
can postulate that osteomalacia is due to excessive “calcovarin” supplied to 
the body partly from an exogenous source, the cereal diet, and partly from an 
endogenous source, namely that elaborated by the hyperactivity of the ovary, 
which occurs at puberty and pregnancy. 

We can only put forward a working theory at present on the connection 
between “calcovarin” and vitamin D. Rickets and osteomalacia are both 
recognised as being primarily diseases of calcium metabolism, and all our 
clinical and metabolic studies emphasise the fact that calcium metabolism is 
controlled by an endocrine mechanism, in which the parathyroid plays the 
leading part. A disturbed state of calcium metabolism, short of gross diminu- 
tion of calcium intake, should lead us to search for an underlying endocrine 
disturbance. There is evidence that the ovary produces its effect on the blood- 
calcium through the parathyroid, and that leads one to suggest the possibility 
that rickets and osteomalacia are caused by a functional hypo-parathyroidism. 
It may be that vitamin D is necessary for the proper function of the parathy- 
roid, and, as the body cannot synthesise vitamin D in the absence of sunlight, 
parathyroid secretion is not elaborated sufficiently and a hypo-parathyroidism 
or some disturbance of the parathyroid apparatus results. ‘“‘Calcovarin”’ also 
produces a functional hypo-parathyroidism by reacting with or antagonising 
the parathyroid secretion. Thus a deficiency of vitamin D, or an over-supply 
of “calecovarin ”’—endogenous as in osteomalacia, or exogenous as in rickets— 
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me 


will lead to parathyroid disturbance. This hypothesis may not be warranted 
by the facts at our disposal, but we know that vitamins have some relation 
to the endocrine secretions, and it may be that vitamins are necessary for the 
proper elaboration of the various internal secretions. The production of rickets 
by a positive factor challenges our vitamin theory and demands explanation. 


SUMMARY. 


A method has been found for extracting oatmeal with 0-5 % hydrochloric 
acid, yielding an extract which is free from starch, thermostable, dialysable, 
and soluble in alcohol. This extract, when injected into rabbits, produces a fall 
of blood-calcium. The extent of this fall is about 30 % of the normal. It occurs 
24-48 hours after injection, the figure returning to normal again within 
48-72 hours. The type of calcium depression is the same as was found previously 
to follow the injection of bovine ovarian extract. From this it is concluded 
that “calcovarin,” the substance producing the characteristic calcium depres- 
sion response, is present in oatmeal as well as in ovary. The oatmeal extract 
which Mellanby and Holst found to be rachitogenic in puppies and rats was 
prepared in the same way as the extract here tested, and the rachitogenic 
effect of this extract is attributed to its calcium-reducing property. A sugges- 
tion is put forward that rickets and osteomalacia are diseases which may be 
due to functional disturbances of the parathyroid secretion. 


I desire to express my thanks to the Research Grant Board of the Union 
of South Africa, and to the Staff Research Fund of the University of Cape Town 
for grants, which partly defrayed the expenses of this research. 
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In Part VI of this series [Raper, 1927] the identification of 5 : 6-dihydroxyin- 
dole and 5 : 6-dihydroxyindole-2-carboxylic acid as products of the action of 
tyrosinase on tyrosine was described. It seemed of interest to find out whether 
certain substances closely related to tyrosine when oxidised by means of 
tyrosinase would also give rise to indole derivatives, and with this object the 
following substances have been submitted to the action of the enzyme: 
tyramine, 3:4-dihydroxyphenylethylamine, 3 : 4-dihydroxyphenylethyl- 


methylamine (epinine) and N-methyltyrosine. Using the procedure that has 
been previously described [Raper, 1927] it was possible to isolate 5: 6- 
dimethoxyindole from the products of oxidation both of tyramine and of 
3 : 4-dihydroxyphenylethylamine. From epinine, a dimethoxy-derivative was 
obtained which is presumably 5 : 6-dimethoxy-N-methylindole, though this 
substance has not yet been synthesised for comparison. With N-methyl- 
tyrosine evidence of the production of an indole derivative has been obtained 
but it was not isolated in crystalline form. These experiments indicate therefore 
that the series of reactions undergone by tyrosine to give rise eventually to 
5 : 6-dihydroxyindole and its 2-carboxylic acid is a general one provided that 
a 3: 4-quinone is produced in the initial stages of the oxidation process. It has 
already been shown by Pugh and Raper [1927] that the production of ortho- 
quinones from those monohydric phenols on which tyrosinase acts is character- 
istic of this enzyme and that they are also produced by it from o-dihydric 
phenols. It was not surprising therefore that the above-mentioned substances 
related to tyrosine, which contain a hydroxyl group in the para-position or 
have hydroxyl groups in the 3 : 4 positions, should undergo similar changes. 
Of the series of reactions which takes place when tyrosine is acted upon by 
tyrosinase the only specific one is the production of 3 : 4-dihydroxyphenyl- 
alanine. The subsequent oxidation of this to the corresponding orthoquinone 
and the further transformation of this in the manner previously described 
[Raper, 1927] should be capable of being brought about by any oxidising 
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agent that produces orthoquinones from catechol derivatives. It was decided 
therefore to find out whether evidence supporting this could be obtained by 
oxidising 3: 4-dihydroxyphenylalanine and epinine with a mild oxidising 
agent. Both these substances were in fact found to be readily oxidised when 
shaken with freshly prepared moist silver oxide and as products of the oxida- 
tion 5 : 6-dihydroxyindole-2-carboxylic acid and 5 : 6-dihydroxy-N-methyl- 
indole, respectively, were detected by the isolation of their corresponding 


methoxy-derivatives. 

In the oxidation of tyramine, 3: 4-dihydroxyphenylethylamine, epinine 
and N-methyltyrosine with tyrosinase certain minor differences as compared 
with the behaviour of tyrosine were observed. The o-dihydroxy-compounds 
are much more rapidly oxidised than tyrosine to give red substances and the 
latter (presumably the 5:6-quinones of the corresponding dihydro-indole 
derivatives) are more stable if separated from the enzyme than the red sub- 
stance produced from tyrosine and 3: 4-dihydroxyphenylalanine. N-methyl- 
tyrosine is oxidised more slowly than tyrosine and also gives rise to a somewhat 
more stable red substance. These results indicate therefore that the velocity 
of the internal oxidation-reduction process by which the 5: 6-quinone of 
dihydroxyindole-2-carboxylic acid is converted into a 5: 6-dihydroxyindole 
derivative is increased by the presence of the carboxy] group and that methy- 
lation of the nitrogen atom of the indole has a tendency to diminish the speed 
of this change. The oxidation of N-methyltyrosine is of particular interest 
because of the close relationship that this substance bears to adrenaline. It is 
conceivable that N-methyltyrosine might give rise to adrenaline by oxidation 
and loss of CO, as follows: 

CH,.CH(NHCH,).COOH  ©CH,.CH(NHCH,).COOH  CH,.CH(NHCH,).COOH 


OH 
OH 


CH (OH).CH,NHCH, + CO, 


+H,0 OH 


OH 


The production of the 3 : 4-quinone of phenyl-N-methylalanine (I) by the 
action of tyrosinase is in full accord with what we already know of the action 
of this enzyme. In the scheme represented above the conversion of this 
quinone into adrenaline with the evolution of CO, is represented as an internal 
oxidation-reduction reaction. With tyrosine, the quinone corresponding to 
(1) changes at once into a dihydroxyindole derivative and although this same 
type of change has also been demonstrated to take place readily with the 
quinone corresponding to epinine, it appears to take place less readily with the 
quinone produced from N-methyltyrosine, judged by the yield of indole 
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derivative obtained. It is possible therefore that the quinone (I) represented 
above undergoes, in part, some change different from the usual one and the 
production of adrenaline from it, in the manner suggested, is a possibility to 
be borne in mind. A few experiments which have been carried out show that 
a small amount of a pressor substance is produced when the red solution pro- 
duced by the action of tyrosinase on N-methyltyrosine is allowed to de- 
colorise in vacuo. Whether this pressor substance is adrenaline cannot yet 
be'stated and much more evidence is necessary before this can be settled. 

All the four substances related to tyrosine mentioned above finally give 
rise to melanin when the action of the enzyme is sufficiently prolonged and 
carried out at about py 8-0. At py 6-0 melanin production is much slower and 
this is especially so with tyramine, and N-methyltyrosine. The fact, however, 
that the N-methyl-derivatives give rise to melanin suggests that the nitrogen 
atom of 5: 6-dihydroxyindole is not further oxidised in the formation of 
melanin from tyrosine. 

In order to get more precise information regarding the oxidative changes 
by which melanin is produced from 5: 6-dihydroxyindole the oxidation of 
tyrosine and several of the related substances already mentioned has been 
studied, using a respirometer to measure the oxygen uptake. This method gives, 
in addition, quantitative evidence of the extent to which tyrosine undergoes 
the series of changes already described in Parts V and VI of this series when it 
is oxidised by tyrosinase. The evidence for these changes has been obtained by 
isolation of 3 : 4-dihydroxyphenylalanine and the methoxyindole derivatives. 
This is by no means a quantitative method and it seemed desirable to deter- 
mine whether the oxygen uptake per atom of tyrosine corresponds with that 
theoretically deduced. The following scheme represents the changes which 
have been postulated [Raper, 1927] to explain the conversion of tyrosine into 
5 : 6-dihydroxyindole: 


CH,.CH(NH,).COOH CH, .CH(NH,).COOH CH, .CH(NH,).COOH 


—> 


OH O 
OH O 


I} 
C.COOH 


——CH, O pol, HO ( es 


| ~ | - 
CH.COOH +0 O CH.COOH HO 


/ Z 
Nf Ya Wa 


Red substance \ 
HO ——CH 
| +C0, 
HO me Jed 


NH 


It will be observed that 3 atoms of oxygen are required to convert 1 
molecule of tyrosine into 5: 6-dihydroxyindole. These 3 atoms have been 
taken up by the time the red substance has been formed so that the final 





242 W. L. DULIERE AND H. 8S. RAPER 


change of this to dihydroxyindole will take place in an inert atmosphere. 
Melanin formed from tyrosine has been found to contain 8-65 % of nitrogen 
[Raper and Wormall, 1925]. Dihydroxyindole, C,H,O0,N, contains 9-39 % of 
nitrogen. By the loss of 2 atoms of hydrogen and the addition of 1 atom of 
oxygen it would yield a substance C,H;0,N which contains 8-59 % nitrogen. 
If this be the empirical formula of melanin then its formation from 5 : 6-di- 
hydroxyindole would entail the utilisation of 2 atoms of oxygen. Starting 
from tyrosine therefore, 5 atoms of oxygen in all would be required to produce 
melanin. The mean of several experiments yielded the figure 5-23 atoms per 
molecuie of tyrosine. With 3: 4-dihydroxyphenylalanine 4 atoms of oxygen 
should be required to produce melanin. Experiment in this instance gave the 
figure 4-12. Tyramine and epinine both show a much slower rate of conversion 
of the red substance to dihydroxyindole or dihydroxy-N-methylindole re- 
spectively, and the figures 4-75 and 3-92 were obtained instead of the theo- 
retical 5 and 4 respectively. These results suggest therefore that 2 atoms of 
oxygen are required for the conversion of each molecule of dihydroxyindole or 
its N-methyl-derivative into melanin and they confirm the explanation already 
given of the various stages by which tyrosine is converted into 5 : 6-dihydroxy- 
indole and its 2-carboxylic acid. N-methyltyrosine and adrenaline have also 
been examined by the respirometric method. The former took up 4-92 atoms 
of oxygen and this corresponds fairly well with the 5 atoms required theoreti- 
cally for the production of melanin. It has already been pointed out above, 
however, that the course of oxidation of this substance may be more complex 
than that of tyrosine so that the interpretation of this result is uncertain. 
Adrenaline was expected to take up only 3 atoms of oxygen but took up 5:3. 
It is, however, unlikely that the stages in the oxidation of adrenaline are the 
same as those for the other substances described above. When oxidised by 
tyrosinase it yields a black precipitate and a deep reddish-brown solution, 
differing in this respect from tyrosine, which is completely converted into 
melanin. 
EXPERIMENTAL. 

The enzyme used in the following experiments was prepared from meal- 

worms by the method already described [Raper, 1926]. 


Action of tyrosinase on tyramine. 

Tyramine hydrochloride was prepared by the method of Johnson and 
Deschavsky [1925]. 1 g. of the hydrochloride in 1 litre of water was warmed 
to 25-30° and 100 cc. enzyme solution were added. The reaction was rapidly 
adjusted to py 6-6-5 by addition of very dilute ammonia or acetic acid as re- 
quired, the solution saturated with oxygen in a stoppered bottle and well 
shaken. Oxygen was bubbled through at half-hour intervals and the shaking 
repeated frequently. A red colour developed after about 5 minutes and gradu- 
ally deepened. After 3 hours the enzyme had precipitated. 10 cc. of 1 % acetic 
acid were added, the solution was filtered and 30 cc. of a-saturated solution 
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of SO, added. After standing in a stoppered bottle for 24 hours the solution 
was distilled under reduced pressure in a stream of hydrogen until it was 
reduced to about 20 cc. The reaction products were now methylated in an 
atmosphere of hydrogen, using 13 cc. of 20% NaOH and 3 cc. of dimethyl 
sulphate. The whole of the alkali was added at once, the solution warmed 
slightly and the dimethyl sulphate added in three portions with vigorous 
shaking. After warming for an hour on the water-bath the solution was cooled 
and shaken out three times with its own volume of ether. The combined ether 
extracts were washed with a little 2% sulphuric acid, then with water and 
evaporated. A crystalline residue was left. A trace of this dissolved in alcohol 
gave a good indole reaction with p-dimethylaminobenzaldehyde and con- 
centrated HCl. It also gave a reddish-violet colour with sodium nitro- 
prusside and caustic soda, which was turned to blue on acidifying with acetic 
acid. The residue crystallised twice from alcohol melted at 154-5° and when 
mixed with 5 : 6-dimethoxyindole the M.p. remained unchanged. An alternative 
method is to allow the red solution obtained as described above to decolorise 
in an atmosphere of hydrogen. The process is hastened by the addition of 
2ec. 10% NaOH. This should be introduced after evacuation of the flask 
containing the solution, shaking to get rid of oxygen, and then admitting 
hydrogen. The disappearance of the red colour takes about 3 days at 25°. The 
evaporation in a stream of hydrogen and the subsequent methylation may then 
be carried out as described above. The ether extract on evaporation yields 


5 : 6-dimethoxyindole. 


Action of tyrosinase on 3 : 4-dihydroxyphenylethylamine. 

We are indebted to Prof. R. Robinson for the 3 : 4-dihydroxyphenylethyl- 
amine used in this experiment. 1 g. of the hydrochloride was dissolved in 
2 litres of water warmed to 25° and 100 cc. of the enzyme solution were added. 
The py was quickly adjusted to 6-6-5. On saturation with oxygen and shaking 
a deep red colour rapidly developed and within a few minutes the enzyme had 
precipitated. This is in marked contrast with the period of about 3 hours 
required to reach the same stage with tyramine. After half an hour the solution 
was filtered and placed in a flask, which was then evacuated and filled with 
hydrogen. 2 cc. 10 % NaOH were added and the solution was kept under hydro- 
gen for 3 days, when its colour had become a pale brown. It was evaporated 
to small bulk in vacuo in a stream of hydrogen and methylated as described in 
the experiments with tyramine. The ether extract yielded 0-103 g. of a crystal- 
line residue which on recrystallisation from absolute alcohol melted at 154—5°; 
mixed M.P. with 5 : 6-dimethoxyindole, 154—5°. The substance gave good indole 
reactions with p-dimethylaminobenzaldehyde and with sodium nitroprusside. 


Action of tyrosinase on 3 : 4-dihydroxyphenylethylmethylamine. 
The 3 : 4-dihydroxyphenylethylmethylamine hydrochloride (epinine) was 
obtained from Messrs. Burroughs, Wellcome and Co. The procedure used was 
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exactly as described above for tyramine. The epinine was rapidly attacked by 
tyrosinase and in 10 minutes yielded a deep red solution with accompanying 
precipitation of the enzyme. The red substance was allowed to undergo con- 
version into the dihydroxyindole derivative either by keeping under hydrogen 
or by adding sulphurous acid as described with tyramine. After concentration 
of the resulting pale brown solution and methylation the ether extract yielded 
a crystalline solid. From 1-9 g. of epinine, 0-40 g. was obtained. This was 
recrystallised from absolute alcohol until its M.p. was constant at 138-9°. 

Micro-analysis: found, H, 6-7 and 6-45 %; C, 68-85 and 68-98%. Cal- 
culated for C,,H,,NO,, H, 6-8 %; C, 69-1 %. 

A solution in alcohol gave a strong indole reaction with p-dimethylamino- 
benzaldehyde and a drop of conc. HCl. It did not give a colour reaction with 
sodium nitroprusside and NaOH, thus differing from 5 : 6-dimethoxyindole. 
A trace of the substance dissolved in glacial acetic acid gave a yellow colour 
changing to brown on adding a drop of conc. HNO, and warming; no trace of 
orange or red colour was produced. From analogy with the behaviour of 
3: 4-dihydroxyphenylethylamine with tyrosinase the substance obtained as 
above from epinine should be 5 : 6-dimethoxy-N-methylindole, the stages in 
the reaction being represented as follows: 


CH,.CH,.NHCH, CH,.CH,.NHCH, 
> HO A, 0 i, 
+0 — | fies | 
OH O HO . AH, +0 O% \ Ale 
OH 0 NCH, NCH, 


HO —§—CH 


A satisfactory method for the synthesis of 5 : 6-dimethoxy-N-methylindole 
has not yet been found, but from the known changes undergone by tyramine 
and 3: 4-dihydroxyphenylethylamine when oxidised by tyrosinase there can 
be little doubt that the substance obtained from epinine is the corresponding 
N-methylindole. It will be shown presently that epinine when oxidised with 
silver oxide yields the same substance. 


Action of tyrosinase on N-methyltyrosine. 

The N-methyltyrosine was kindly prepared for us by Dr J. F. Wilkinson 
by the method of Johnson and Nicolet [1913]. 

1 g. of the amino-acid was dissolved in 750 cc. boiling water, diluted to 
2 litres and cooled to 30°. 80 cc. of the enzyme solution were added, the py 
adjusted to 6-5 and the liquid saturated with oxygen and shaken vigorously. 
The saturation with oxygen was repeated half-hourly, and the solution was 
shaken at frequent intervals. A red colour was soon produced, and after 
2$ hours the enzyme had precipitated. 10 cc. of 1 % acetic acid were added, 
the solution filtered, and the red filtrate after evacuating and shaking to 
















THE TYROSINASE-TYROSINE REACTION 24: 


remove oxygen was kept under hydrogen until the red colour had given place 
to a pale brown. The solution was distilled under reduced pressure in a stream 
of hydrogen until about 20 cc. were left. Methylation was carried out in the 
usual way, using 3 cc. dimethyl sulphate and 12 cc. of 20% NaOH. The 
alkaline solution was extracted three times with its own volume of ether, and 
the ether extracts were washed with a little water. On distilling off the ether 
about 50 mg. of a clear resinous mass was obtained which partially crystallised 
on ‘dissolving in alcohol and evaporating. It gave a strong indole reaction with 
p-dimethylaminobenzaldehyde. After ether-extraction of the alkaline solution 
resulting from the methylation, it was acidified to Congo red and again ex- 
tracted with ether, but only a trace of ether-soluble substance was obtained. 
No greater success was obtained when the red substance obtained by acting 
on N-methyltyrosine with tyrosinase was allowed to decolorise in presence of 
sulphurous acid. After methylation only a trace of ether-soluble substance 
was obtained from the acidified solution. Judged by previous experiments 
with tyrosine it was expected that a reasonable amount of either 5 : 6-di- 
methoxy-N-methylindole or its 2-carboxylic acid should have been obtained 
according to the procedure used in the decoloration of the red substance. As 
pointed out before [Raper, 1927], the use of sulphurous acid favours the 
formation of the indolecarboxylic acid. The above results show that with 
N-methyltyrosine the internal oxidation-reduction process by which the 5: 6- 
quinone of dihydroxyindole-2-carboxylic acid is converted into the corre- 
sponding 5: 6-dihydroxyindole-2-carboxylic acid is more difficult when the 
nitrogen of the dihydroindole ring is methylated. It is possible that the oxida- 
tion of N-methyltyrosine by tyrosinase does not proceed entirely on the same 
lines as that of tyrosine. In the introduction to this communication it has 
been pointed out that by simple oxidative changes and loss of CO, adrenaline 
might be produced. In order to determine whether any pressor substance 
could be detected amongst the oxidation products a solution of 0-025 g. 
N-methyltyrosine in 50 cc. of water was treated with 3 cc. of the enzyme, the 
Py being adjusted to 6-5. After 3 hours, when a good red colour had been pro- 
duced and the enzyme had precipitated, a few drops of 0-1 % acetic acid were 
added and the solution filtered. A portion of the filtrate was kept in vacuo in 
a Thunberg tube for 3 days, when it had almost lost its colour. This solution 
was tested for pressor activity by our colleague, Dr A. D. Macdonald, to whom 
our best thanks are due. In the decerebrate cat it produced a rise in blood- 
pressure judged to be equivalent to that given by 1 in 300,000 adrenaline. 
When the red solution obtained by oxidation was decolorised in presence of 
sulphurous acid, the pressor activity was less. Controls with the enzyme 
solution alone had no action. 
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Oxidation of 3: 4-dihydroxyphenylalanine and epinine with silver oxide. 


Tyrosine is not attacked when shaken with freshly prepared silver oxide. 
It is well known, however, that catechol derivatives easily reduce ammoniacal 
silver solutions and it was therefore expected that both 3 : 4-dihydroxypheny]l- 
alanine and epinine would be oxidised by silver oxide suspensions. Prelimi- 
nary experiments showed that this was so and a more detailed investigation 
was carried out. 

3: 4-Dihydroxyphenylalanine. 1g. of the amino-acid was dissolved in 
400 cc. hot water and cooled to room temperature. To this a suspension of 2-4 g. 
freshly prepared silver oxide in about 100 cc. water were added and the liquid 
was vigorously shaken for 15 minutes. The solution rapidly became coloured 
red and later, deep reddish brown. 10 cc. of a 10 % solution of sodium sulphate 
and 10 cc. of 10 % acetic acid were now added, the solution was shaken for 
a short time, to assist coagulation of the colloidal silver, and finally allowed to 
stand for 30 minutes. It was filtered by suction through filter paper pulp, 
20 ce. of a saturated solution of SO, were added to the filtrate and it was left 
overnight. After filtering from a small amount of deposit it was concentrated 
in vacuo in a stream of hydrogen to about 20 cc. The products of the reaction 
were methylated under hydrogen, 8 cc. of 40 9% NaOH were added, the solu- 
tion was warmed slightly and then 3 cc. dimethyl sulphate were added in three 
portions with vigorous shaking. The alkaline solution was finally heated on 
a boiling water-bath for an hour. After cooling it was extracted three times 
with ether but only a trace of ether-soluble substance was removed. It was 
then acidified with sulphuric acid to Congo red and again extracted three times 
with its own volume of ether. The combined ether extracts were washed with 
a little water and the ether distilled off. The crude residue weighed 0-139 g. 
This was extracted with about 10 cc. boiling water, filtered to remove tarry 
matter and the filtrate taken to dryness in a vacuum desiccator. At this stage 
the products of two preparations carried out as above were worked up to- 
gether. After crystallising four times from benzene containing 5 % of acetone 
colourless plates were obtained, M.p. 202-3° with vigorous evolution of gas. 
This corresponds with the behaviour of 5 : 6-dimethoxyindole-2-carboxylic 
acid which loses CO, at its melting point and is converted into 5 : 6-dimethoxy- 
indole. A mixture with the synthetic acid gave the same M.P. The acid gave 
a good indole reaction with p-dimethylaminobenzaldehyde as also did the 
residue obtained when the acid was allowed to decompose at its M.p. These 
results show that silver oxide and tyrosinase can both bring about the same 
oxidative changes in 3 : 4-dihydroxyphenylalanine. The yield of dimethoxy- 
indole-2-carboxylic acid obtained with silver oxide is smaller than with tyro- 
sinase. Probably side reactions occur with the former. 

Epinine. 1 g. epinine in 400 cc. water was treated with 3 g. freshly pre- 
pared silver oxide in the way described above for 3 : 4-dihydroxyphenylalanine. 
After removal of the silver by filtration sulphurous acid was added to the 
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solution and it was left overnight. It was reduced to 10 cc. by distillation on 
vacuo in a current of hydrogen and methylation carried out in the usual way, 
using 3c. dimethyl sulphate and 8 cc. of 40% NaOH. Extraction of the 
alkaline liquid with ether yielded 0-142 g. of crude methylation product. This 
was recrystallised twice from alcohol and melted at 138-9°. The M.P. was un- 
changed on mixing with the similar product obtained by the oxidation of 
epinine with tyrosinase, which is presumably 5 : 6-dimethoxy-N-methylindole. 


Respirometer experiments. 


These were carried out in a modified form of Haldane’s blood gas apparatus 
[1920].. Instead of the simple flasks used by Haldane, conical flasks with two 
bent side arms, as illustrated, were employed. 


. 4-5 om. 


The substrate was placed in the body of the flask, the enzyme solution in 
the lower side arm and a little 30 % KOH in the other. By tilting the flask, 
the enzyme may be added to the substrate after equilibration without removing 
the flask from the thermostat. The KOH absorbs any CO, which may be pro- 
duced. Flasks with ground-glass stoppers were used in the later experiments 
as they were found to give more consistent results. The experiments: lasted 
several days and during the frequent shaking during this period rubber 
stoppers may suffer slight displacement which affects the reading. 

Solutions used. Tyrosine, 0-05 °%; tyramine hydrochloride, 0-1 °%%; epinine, 
0-1 %; 3: 4-dihydroxyphenylalanine, 0-1 %; adrenaline (free base), 0-1 %; 
N-methyltyrosine, 0-01 %; all in distilled water. In each instance 1 ce. of 
enzyme solution was used. The reaction flask contained 4 cc. phosphate buffer, 
of py 6 or 8 according to requirements, and 4 cc. of the above tyrosine solution 
or 2 cc. of the solution of the other substances with the exception of N-methyl- 
tyrosine, of which 10 cc. were used. Thymol was used as antiseptic. The control 
flask contained the same amount of enzyme and buffer solutions, but no 
substrate. The enzyme and KOH solutions were easily introduced into the side 
arms by means of a curved pipette. The bottles were completely immersed in 
a thermostat at room temperature and were mechanically shaken. With the 
taps open to air, 10 minutes’ shaking was allowed for equilibration. The taps 
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were then closed and after a further 15 minutes’ shaking a reading was taken. 
This was repeated, if necessary, to ensure that equilibrium was established 
before starting the experiment. The enzyme was now added from the side arm 
of the experimental flask and the shaking continued. Readings were taken 
periodically until oxygen uptake finally ceased, and for confirmation for at 
least two days after this. The readings were corrected for barometric pressure 
and temperature, and are expressed in terms of the number of atoms of oxygen 
taken up per molecule of substrate used (Table I). 


Table I. 


O, uptake. 
Average Atoms per 
No. of cc. O, absorbed O, uptake molecule of 






Substrate and its amount Pu exps at N.T.P. ce. substrate 
ee ae 6 1 0-62 0-62 5-00 
spun Ome) { 8 5 0-656-0-631 0647 5-23 
1-3 : 4-Dihydroxyphenylalanine 6 2 0-440-0-430 0-435 3-82 
(2 mg.) 8 5 0-49 —0-447 0-469 4-12 
1-3 : — } 8 2 0-466-0-466 0-466 4-09 
er 6 1 0-409 0-409 3-71 
Pee 8 7 0-456-0-408 0-431 3-92 
sila iil i a als 6 2 0-538-0-535 0-537 4-17 
Tyramine hydrochloride (2 mg.) { 8 9 0-646-0-565 0-613 475 
"4 Site ss 8 1 0-276 0-276 4-80 
N-Mothyliyrosine (1 mg.) { Unbuffered 2 0-308-0:258 0-283 4-92 
Adrenaline (2 mg.) 8 4 0-66 —0-63 0-65 5-30 


Consideration of these results shows that at py 8 the oxygen uptake is 
always higher than at py 6, though the differences are not great. The number 
of atoms taken up per molecule of substrate is in accordance with the view that 
tyrosine and tyramine require 3 atoms, and dihydroxyphenylalanine requires 
2 atoms, of oxygen to convert them into 5 : 6-dihydroxyindole and a further 
2 atoms to convert this into melanin. Epinine requires 2 atoms of oxygen to 
convert it into 5 : 6-dihydroxy-N-methylindole and a further 2 atoms to trans- 
form this into melanin. It is possible that reactions other than the main one 
account for the slight divergence from the theoretical values at py 8. At 
Py 6 the slower rate of action of the enzyme and its precipitation after a time 
probably account largely for the oxygen uptake being less than the expected 
value. The red substances produced by tyramine and epinine are also much 
more stable than that from tyrosine and much less rapidly converted into the 
colourless dihydroxyindole derivatives. For this reason these substrates are 
probably not completely converted into melanin within the period of time 
during which the enzyme is still active. The figures for N-methyltyrosine 
suggest that the main reaction proceeding is the same as that with tyrosine, 
but the possibility of other reactions occurring has already been pointed out. 
It may be noted that 7-3 : 4-dihydroxyphenylalanine, a sample of which 
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was kindly supplied by Dr C. R. Harington, behaves exactly like the naturally 
occurring amino-acid. This was to be expected since the enzyme action is not 
concerned with oxidation of the side chain which contains the asymmetric 
carbon atom. 

If a few drops of 30 % KOH were added to the solution in the experimental 
flask after all enzyme action had ceased a further oxygen uptake was observed. 
This occurred outside the limits of py at which tyrosinase is active and 
was probably due to production of oxidation products of melanin itself by 
atmospheric oxygen. 

An experiment was carried out with adrenaline at py 8 in the absence of 
the enzyme. The oxygen uptake observed was 6-14 atoms per molecule of 
adrenaline as opposed to 5-29 with the enzyme present. It is probable there- 
fore that oxidation of adrenaline in the air, with the production of the well- 
known pink colour, proceeds on different lines from that produced by the 
enzyme, but what these are can only be discovered by further investigation. 


SUMMARY. 


(1) As a result of the action of tyrosinase, tyramine and 3 : 4-dihydroxy- 
phenylethylamine yield 5: 6-dihydroxyindole, 3 : 4-dihydroxyphenylethyl- 
amine yields 5 : 6-dihydroxy-N-methylindole, and N-methyltyrosine yields an 
indole derivative not yet identified. 

(2) N-methyltyrosine on oxidation with tyrosinase also yields a small 
amount of a pressor substance. 

(3) 3: 4-Dihydroxyphenylalanine and 3 : 4-dihydroxyphenylethylmethyl- 
amine on oxidation with silver oxide behave in the same way as when oxidised 
by tyrosinase and yield 5 : 6-dihydroxyindole-2-carboxylic acid and 5: 6- 
dihydroxy-N-methylindole respectively. 

(4) In the production of melanin from tyrosine and tyramine approxi- 
mately 5 atoms of oxygen are utilised per molecule of substrate, whereas 
4 atoms are required by 3: 4-dihydroxyphenylalanine and 3: 4-dihydroxy- 
phenylethylmethylamine. It is probable that 2 atoms of oxygen are needed 
to convert 5 : 6-dihydroxyindole into melanin. 


We wish to express our thanks to the Government Grant Committee of 
the Royal Society for a grant in aid of this work. 
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TuE sulphur content of pastures has recently become a subject of considerable 
importance both from the point of view of sulphur fertilisation of soils [Alway, 
1927] and in relation to the sulphur requirements of sheep for wool-production 
[Robertson and Marston, 1928]. The question of sulphur deficiency in soils has 
led to very thorough surveys of the total sulphur content of pastures in different 
parts of the world, but the organic sulphur content of pastures has received 
little or no attention. Nevertheless the separation of the total sulphur content 
of grasses into organic and inorganic components is important in seeking a 
correlation between the sulphur content of pastures and their value for purposes 
of wool-production, as only organic sulphur can be made use of by animals in 
biological synthesis. In the present paper, a method is described whereby the 
organic sulphur of pastures can be readily determined. It is assumed that all 
the inorganic sulphur in green leaves is in the form of sulphate, whether free 
or as ethereal sulphate. This sulphate-sulphur is therefore estimated and 
deducted from the total sulphur, giving a value for the organic sulphur. 

As regards the nature of the organic sulphur compounds in grass, they 
probably occur as constituents of protein. Woodman [1926] finds 27-92 % 
crude protein in autumn cuts of English grass, while Rigg and Askew [1929] 
find an average value of 33-37 % crude protein for eight samples of New 
Zealand pasture. “Crude protein” includes chlorophyll and other non- 
protein nitrogen compounds, but the figures are of the right order to account 
for the organic sulphur present in grass, assuming that grass-protein contains 
the average amount of sulphur. In this connection it is to be noted that a 
water-soluble protein prepared from grass, as subsequently described, by the 
method of Chibnall and Schryver [1921] did not contain sulphur. This sub- 
stance was a proteose, however, not a native protein, and it represented only 
a small proportion of the total nitrogen of the grass. 

Since protein-sulphur in grass would have to form part of an amino-acid, 
the question of the identity of this sulphur amino-acid immediately arises. 
Robertson and Marston [1928] apparently make a tacit assumption that the 
acid is cystine, this being the sulphur constituent of wool and also of wide- 
spread occurrence elsewhere in nature [Jones, Gersdorff and Moeller, 1924]. 
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Such cystine could be directly assimilated by sheep and used in the growth of 
wool. However, it is significant that Mueller [1923] finds that methionine, a 
sulphur amino-acid isolated from caseinogen, occurs in wool along with cystine. 
In the experimental section of this paper, attempts to find cystine in grass by 
the ordinary precipitation and colorimetric methods are described. Though 
these were greatly hampered by the difficulty of decolorising the hydrolytic 
products from grass, the results obtained were consistently negative, from 
which it would appear that most of the organic sulphur of grass is not in the 
form of cystine. 

EXPERIMENTAL. 


Preliminary treatment of the grass. 


The following grasses were analysed for sulphur: Cocksfoot (Dactylis 
glomerata), Perennial Rye (Lolium perenne), Prairie Grass (Bromus unioloides), 
Yorkshire Fog (Holcus lanatus), and Hair Grass (Festuca bromoides). Only the 
blades were collected as these give a more homogeneous sample than is ob- 
tained by the inclusion of stalks and heads, which are drier and less palatable 
to stock. The grass was freed from colourless and withered leaves and foreign 
matter, rinsed with water and spread on wire netting to dry. It was then 
reduced to a handy form for analysis by toasting on a hot plate and passing 
through a mincer. The arrangement consisted of a galvanised iron tray 3 ft. by 
2 ft. standing on large tripods; 2 inches below this, a sheet of iron was supported 
on smaller tripods and heated by four Bunsen burners, the hot air from its 
upper surface maintaining the bottom of the tray at about 120°. The grass was 
turned continually till dry and then clipped into short lengths. When suffici- 
ently brittle it was put through a mincer and readily reduced to a fine powder. 
The powder was placed in bottles which were heated to 110° in a toluene-oven 
and carefully stoppered. 

In order to determine the moisture content of the grasses, quantities 
(about 8 g.) of the fresh, superficially dry specimen were placed in two beakers. 
One sample was dried in a toluene-oven at 110°, the other in an air-oven at 
120°. The values obtained generally agreed within 0-3 %. 


Estimation of total sulphur in powdered grass. 


The estimation of sulphur in grass by means of sodium peroxide as used 
at the Rowett Institute, Aberdeen, apart from its rather difficult technique, 
has the disadvantage that occasionally sudden ignition occurs, rendering the 
estimation worthless, and also that the sodium peroxide rapidly destroys the 
nickel crucibles. A method was therefore devised by which the Benedict-Denis 
reagent could be used for the oxidation, and this proved both rapid and satis- 
factory. After several trials, the following procedure was adopted. 1-1-5 g. 
of grass powder is transferred from a weighing bottle to a 4 in. porcelain dish. 
50 cc. of the Benedict-Denis reagent (125 g. crystallised copper nitrate, 125 g. 
sodium chloride, 50 g. ammonium nitrate, 500 cc. water, all free from sulphate) 
















252 H. A. A. AITKEN 


is then added and the mixture evaporated to dryness on a curved asbestos 
gauze. It is then brought to a dull red heat at which the copper oxide formed 
completely oxidises the grass. The product is taken up with 50 cc. of 2N HCl, 
gently evaporated to dryness, and finally extracted by warming with successive 
portions of 2N HCl, 100 cc. being used for the purpose. Extracts and washings 
are made up to 250 cc. This is filtered by suction and portions of 100 cc. are 
taken in which sulphate is estimated by precipitation with barium chloride. 
In the precipitation of small amounts of barium sulphate, easy filtration is 
ensured by carrying out the precipitation at the boiling point in 3 % hydro- 
chloric acid, using a large excess of barium chloride. The solution will clear in 
less than 3 hours and the precipitate is crystalline. 

Three grasses in which sulphur was estimated, both by means of sodium 
peroxide and the Benedict-Denis reagent, gave the following results: 


Cocksfoot Perennial Rye Yorkshire Fog 


Sodium peroxide method 0-438 0-460 0-391 


Benedict-Denis method 0-442 0-462 0-390 % sulphur 


Estimation of sulphate-sulphur in powdered grass. 


Attempts to extract the sulphates present in powdered grass by simply 
boiling with dilute hydrochloric acid gave rise to solutions containing colloids 
which were liable to be absorbed when the sulphates were precipitated with 
barium chloride. To overcome this, experiments were made in which the grass 
was first subjected to fusion in nickel crucibles with such agents as sodium 
carbonate, sodium acetate, borax, etc. and then extracted. This certainly ob- 
viated the formation of colloids, but apparently led to reduction of some of the 
sulphate, as low and variable results were obtained. The method of Rosenheim 
and Drummond, using benzidine hydrochloride as a precipitant, was then tried 
on a grass extract, the presence of colloids being disregarded as the estimation 
depends on a titration with alkali. Low values were obtained, however, as the 
alkali reacted very slowly with the precipitate, protected as it was with colloidal 
material. Finally it was discovered that decolorising charcoal could be conveni- 
ently used to remove colloids yielding a solution quite suitable for gravimetric 
estimation of sulphate. After some preliminary experiments, the following 
method was found to give satisfactorily constant results. 2-3 g. of grass 
powder is transferred from a weighing bottle to a 600 cc. beaker and boiled 
gently for half an hour with 100 cc. of 2N NaOH. 200 ce. of 2N HCl are then 
added and the mixture is boiled for a further half-hour. 2 g. of decolorising 
charcoal, previously freed from sulphate by repeated extraction with boiling 
hydrochloric acid, are added and the boiling continued for about 20 minutes. 
Finally, the product is filtered through a 4 in. Biichner filter, and the precipi- 
tate washed several times with dilute hydrochloric acid so as to leave no ad- 
hering sulphate. The extract is made up to 500 cc. and sulphate is estimated 
in 200 cc. portions by precipitation with barium chloride. 
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Results of sulphur estimations. 


Examination of five common grasses yielded the results shown in Table I. 


Table I. 
% organic 
Date of % total %sulphate- sulphur 
Grass sampling % water sulphur sulphur (by difference) 
Cocksfoot May 10 75-0 0-44 0-21 0-23 
Perennial Rye Aug. 15 77-1 0-46 0-23 0-23 
Prairie Grass Aug. 21 80-0 0-59 0-34 0-25 
Yorkshire Fog Aug. 21 77-0 0-39 0-13 0-26 
Hair Grass Aug. 21 73-3 0-35 0-10 0-25 

It will be seen that there is no great variation in the organic sulphur 
content of these grasses. Indeed, Yorkshire Fog and Hair Grass, which are 
worthless as pasture, are slightly higher in organic sulphur than the valuable 
grasses Cocksfoot and Perennial Rye. It follows that the organic sulphur 
content of grasses does not necessarily bear any relation to their palatability 
and nutritive value. 

On the other hand, a great variation is observed in the sulphate-sulphur 
content of the different species, possibly due to different amounts of sulphate 
in the soils on which the grasses were growing. It seems probable that the 
increase in sulphur content of pastures observed on making sulphur appli- 
cations to soil is due to an increase in the inorganic sulphur of the grasses. 


The water-soluble protein of grass. 


In investigating the question of the occurrence of cystine in grass, an 
obvious point of attack is the separation and hydrolysis of the leaf protein. 
Hence it was decided to prepare and examine the leaf protein described by 
Chibnall and Schryver [1921]. This was carried out as follows. About 6 lb. of 
fresh Perennial Rye grass was minced first with a coarse, then with a fine 
cutter, and treated with an equal weight of water saturated with ether. After 
allowing 20 minutes for cytolysis to take place, the mixture was expressed 
through silk muslin, a green colloidal solution being obtained. This was filtered 
by means of a number of large funnels, as the ether present makes suction 
filtering disadvantageous. The resulting clear solution was light brown in 
colour. The water-soluble protein was precipitated by adding sufficient 
2N H,SO, to make the whole solution N/12. The flocculent white precipitate 
was separated by siphoning off the supernatant liquid, filtering, and washing 
the precipitate with alcohol and ether. Somes10 g. of crude protein was thus 
obtained. This was dissolved in 0-3 % solution of KOH in 60 % alcohol, as used 
by Osborne and Wakeman [1920], and precipitated by careful addition of 
dilute HCl. The process was repeated twice, after which the isoelectric point 
was determined and found to be at py, 7-3. The protein was found to be soluble 
in 0-4 % ammonia in 60 % alcohol, and this was then used instead of KOH to 
treat the crude protein. The protein gave both the xanthoproteic and the 
biuret reactions, though Chibnall and Schryver could get no protein colour 
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reactions with the similar material which they isolated from cut grass. The rose 
tint observed in the biuret test and the turbidity produced when the aqueous 
solution was treated with ammonium sulphate indicated that the substance 
was a simple proteose or hydrolysed protein. The purified material was care- 
fully tested and found to contain no sulphur. It was concluded that the 
organic sulphur must have remained in the solid residue from the water- 
soluble products. A portion of this was analysed and found to contain 0-42 % 
of sulphur. Hence it was decided to hydrolyse the whole grass and test the 


product for cystine. 


Testing the products of hydrolysis of grass for cystine. 


Folin’s method for the isolation of cystine was first applied to grass powder 
as follows. 500 g. of powdered Cocksfoot grass were hydrolysed with 2 litres 
of 20 % HCl on the water-bath for 144 hours. The liquid was filtered, partially 
neutralised with 150 cc. of 40°% NaOH and evaporated to low volume at 
10 mm. pressure. Hot saturated sodium acetate was added till there was no 
mineral acid reaction to Congo red, and after standing for two days the pre- 
cipitate was filtered by suction, dissolved in 100 ce. of 5 °%% HCl and boiled 
with successive quantities of decolorising charcoal till it was faintly yellow in 
colour. The solution was then brought to py 5 and allowed to stand. A white 
amorphous precipitate containing a good deal of calcium oxalate was formed 
and this was tested for cystine as described by Hunter and Eagles [1927] but 
without result. Finally the precipitate was tested with nitroprusside and found 
to contain no sulphur. In view of the quantity of grass taken, such a result 
throws considerable doubt on the assumption that the whole of the organic 
sulphur in grass can be represented as cystine. 

It was now decided to test the hydrolysis products colorimetrically for 
cystine. The method of Sullivan [1925, 1926] was adopted as this is supposed 
to be the most specific estimation short of direct isolation. The test solution 
was prepared by boiling 500 g. of grass powder with conc. HCl for 6 hours, 
filtering, distilling off most of the acid in vacuo, taking up with water and 
decolorising by means of charcoal. Finally it was concentrated to about 200 cc., 
cooled, rendered slightly alkaline with 10 % ammonia [Okabe, 1928], filtered 
and reacidified. On testing 2 cc. with sodium 1 : 2-naphthaquinone-4-sul- 
phonate, as described by Rimington [1929], no red colour stable to hydro- 
sulphite could be produced. Thus the colorimetric method also yielded a 
negative result. A point to be considered, however, is that great difficulty is 
experienced in decolorising the hydrolysis products from grass, which almost 
resemble ink in appearance, the colour being perhaps due to combination of 
tannin with the iron present in the grass. It has been shown by Folin and 
Marenzi [1929] that cystine is considerably adsorbed by decolorising charcoal, 
but it is hardly conceivable that the whole of the cystine could be thus ad- 
sorbed. Again, the toasting process might have produced chemical changes in 
the cystine, which is not as stable in protein as in the free state [Brand and 
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Sandberg, 1926]. Hence fresh grass was used instead of grass powder. Several 
pounds of fresh, minced Cocksfoot were hydrolysed with concentrated HCl in 
a large silica basin for 6 hours. The liquid was filtered, concentrated in vacuo 
nearly to dryness, taken up with water, treated with 30% sodium acetate 
solution till neutral to Congo red, allowed to stand for 48 hours and filtered. 
Precipitate A was so obtained. Half of the filtrate was then treated by 
Gaskell’s [1908] method for the isolation of cystine from urine: the solution 
was rendered slightly alkaline with 10 % ammonia, treated with an equal 
volume of acetone and just acidified with acetic acid, when a precipitate 
settled out and was filtered off (Precipitate B). Precipitates A and B were 
united, dissolved in dilute HCl, decolorised with charcoal and tested for cystine 
by Sullivan’s method. The result was negative. The remaining half of the 
filtrate was then treated with 50 cc. of a 30 % solution of phosphotungstic 
acid in 5 % H,SO,. A gummy brownish precipitate was obtained (Precipitate 
C). This was washed with dilute phosphotungstic acid solution and then 
dissolved in dilute NaOH. Phosphotungstic acid was removed by means of 
barium chloride and the barium by means of sulphuric acid. The resulting 
solution was decolorised with charcoal and tested by Sullivan’s method. This 
time a slight colour was obtained, but comparison in a Kober colorimeter 
with a 0-01 % solution of cystine showed that it represented only a trace of 
cystine and indeed might have been due to tyrosine. 

A final experiment was carried out, using Perennial Rye grass instead of 
Cocksfoot. The sulphate-sulphur was first removed by repeated extraction 
with dilute HCi, and the grass then hydrolysed with concentrated HCl in a 
silica basin. That hydrolysis proceeds slowly was shown by the fact that after 
3 hours the insoluble residue still contained 0-20 % of sulphur. The product 
was examined by Gaskell’s method and with phosphotungstic acid as described 
above, but only negative results were obtained. To sum up, no evidence was 
obtained from the experiments on the hydrolysis products of grass in support 
of the assumption that the organic sulphur of grass is present in the form of 


cystine. 


SUMMARY. 


1. The Benedict-Denis method of oxidation has been applied to the 
determination of the total sulphur content of grasses. 

2. A method has been devised for the estimation of sulphate-sulphur in 
grass or green leaves. 

3. The analytical results for five grasses show no relation between the 
nutritive value and the organic sulphur content of grasses. 

4, The water-soluble protein obtained from grass did not contain sulphur. 

5. The occurrence of cystine in quantity corresponding to the organic 
sulphur content of grass could not be demonstrated. 
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THE isolation of quantities of batyl, chimyl and selachyl alcohols by Drum- 
mond and Baker [1929] in this laboratory provided an opportunity to examine 
thin films of a type of molecule not hitherto studied. Batyl alcohol has been 
shown by Heilbron and Owens [1928] to be an ether of octadecyl alcohol and 
glycerol. Selachyl alcohol is the corresponding glyceryl] ether of oleyl alcohol, 
and chimy] alcohol the cetyl alcohol derivative [Drummond and Baker, 1929]. 
The three compounds have therefore the same type of structure, namely 
a long hydrocarbon chain attached by an oxygen atom to a glycerol group at 
either the a- or B-carbon atom: 
C,Hon+1-O-CH, CH,OH 
CHOH C,Hop44-0.CH 
CH,OH CH,OH 
where » = 18 for batyl alcohol or 16 for chimy] alcohol. 
In selachyl alcohol the hydrocarbon chain is probably 
CH,.(CH,),.CH = CH.(CH,),.CH,— 
but the position of the double bond is not definitely known. 
Heilbron and Owens [1928] gave reasons for believing that the f-structure 
was the correct one. More recently, however [Heilbron, 1929], it is stated that 
attempts are being made to synthesise structures of the a-type, this being 
regarded as the more probable structure. The measurements on the films to 
be described in this paper provide strong evidence in favour of the a-structure. 


EXPERIMENTAL. 


The apparatus and technique used in the study of monomolecular films 
have been fully described by Adam and Jessop [1926]. Dilute solutions of the 
several alcohols in benzene were accurately prepared. The benzene was re- 
fractionated and finally distilled in an all-glass (pyrex) apparatus before use. 
It left no residual film upon water. A small quantity of solution was placed 
upon a clean water surface in a Langmuir-Adam trough by means of a capillary 


drop-pipette. 
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The water used in the trough was laboratory-distilled, further purified by 
redistillation from alkaline permanganate in a large pyrex still with ground 
joints. Before a film was applied the water surface was always tested for 
contamination by sliding the barrier to within 2 cm. of the float of the torsion 
apparatus. No deflexion is noted if the surface is clean. 

Materials. One sample of batyl alcohol had been obtained from the liver 
oil of the Greenland shark, Somniosus microcephalus. It had been purified by 
several recrystallisations from ether and melted at 69°. Another specimen had 
been obtained by the hydrogenation of selachyl alcohol. After purification it 
also melted at 69°. The specimen of chimy] alcohol was isolated from Japanese 
shark-liver oil and after recrystallisation from ether melted at 62—-62-5°. 

The selachyl alcohol was fractionated from Japanese shark-liver oil and 
purified by refractionation. It boiled at 236-239° at 5mm., but the iodine 
value was slightly higher than the theoretical. 

The films of the three alcohols were studied between 0° and 40°, a range 
which includes the transition temperatures from condensed to expanded films 
of batyl and chimy] alcohols. 

Discussion. 

The results of the measurements are illustrated by the curves in Figs. 1 and 
2, which show the relation between the area occupied by one molecule in the 
film and the compressing force. 


30 
28 
26 
24 


Selachyl Alcohol 
0° -40° 


Dynes per cm. 


20 30 40 50 60 70 80 
Area per molecule: sq. A. 
Fig. 1. 


The films of batyl alcohol and chimy] alcohol showed a close resemblance 
to those of the a-monoglycerides [Adam, Berry and Turner, 1928], both con- 
densed and expanded films being formed. The curves for chimyl alcohol are 
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identical with those of a-monopalmitin at every temperature, within experi- 
mental error: the condensed and expanded films, the transition region and 
the temperature of expansion being practically the same. 


28 
26 
24 


Dynes per cm. 


40 50 60 
Area per molecule: sq. A. 
Fig. 2. 


Condensed films. The condensed films are liquid, as shown by the move- 
ment of tale particles scattered on the surface. The films are of the close-packed 
head variety, with slight rearrangement under pressures greater than about 
6 dynes/em. The values for the cross-section of the molecule for the two arrange- 
ments (extrapolated graphically to zero pressure) are included in Table I. 


Table I. 


Cross-section, sq. A. per molecule - 





cr \ 
Head Rearranged Difference 
a-Monoglycerides 26-3 — a 
Batyl alcohol 26-0 24-8 “2 
Chimy] alcohol 28-6 27-4 
(Difference) (2-6) 2-6 
Mono-octadecylmalonic acid 36 


) 


All values +0-4 sq. A. 


It will be seen that the curves for the condensed films of the two substances 
are sensibly parallel, with chimy] alcohol about 2-6 units greater in area. This 
may be due to a slight trace of unsaturated impurity which might be expected 
from the mode of preparation. The values for the cross-section given by baty! 
alcohol are probably more nearly correct. They agree very closely with the 
values found by Adam, Berry and Turner for a-monoglycerides, namely 
26-3 + 0-5 sq. A. 
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This agreement is interesting in that it suggests that batyl and chimyl 
alcohols are a-glyceryl ethers. 
CH, 
| 
(CH3)s6 


H; 


/\ 
Ne i, * 


Jf 


, + Z >», 
CH,OH CH,OH G0.0H CO.OH CH,OH 
a 


os I. Til. iv. 


If batyl alcohol had the f structure I, since the two —CH,OH groups are 
symmetrically placed, it might be expected to orient itself at the water surface 
as in the figure. In this case it would be expected that the cross-section of the 
head would be considerably greater than the value for cetyl alcohol, which is 
21-6 sq. A., because two —CH,OH groups per molecule would have to be 
packed side by side. This is borne out by measurements of N. K. Adam (private 
communication) on mono-octadecylmalonic acid II. This gives a solid condensed 
film, with an area of about 36 sq. A. at no compression. 

If, on the other hand, batyl alcohol has the unsymmetrical «@ structure III, 
its orientation would be expected to be that of the a-monoglycerides IV. with 
“the three carbons of the glycerol nearly vertically above one another” 
[Adam, Berry and Turner, 1928]. The cross-sectional areas should therefore 
be the same. 

The close agreement found experimentally is strong evidence in favour of 
the unsymmetrical a-structure for batyl and chimy] alcohols. 

Expanded films. On raising the temperature the liquid condensed films give 
liquid expanded films. The temperatures of half expansion at 2 dynes/cm. 
pressure are: 

chimy] alcohol 17-5° 
batyl alcohol 35°5°. 
The expansion is of the usual type, with the transition region not horizontal. 

In the expanded films the areas at no compression are: 

chimy] alcohol 65-0 + 3 sq. A. 

batyl alcohol 60-0 + 3.sq. A. 

a-monoglycerides 70-0 + 3sq.A. 
These values are interesting as further examples of expanded films having an 
area at no compression differing considerably from the value 48 sq. A. found 
for so many substances, and upon which had been based the coiléd-chain 
hypothesis of the structure of these liquid expanded films. This hypothesis 
was abandoned when it was shown that p-dodecyl- and p-nonyl-phenols and 
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the a-monoglycerides gave areas differing from this value [Adam, Berry and 
Turner, 1928]. 

Selachyl alcohol also gives an expanded film but it is so much above its 
transition temperature that lowering the temperature to 0° does not cause it 
to condense. 

SUMMARY. 

Measurements have been made of monomolecular films of batyl, chimyl 
and selachy] alcohols between 0° and 40°. 

The values for the cross-section of the heads of batyl and chimy] alcohols 
are compared with the value for a-monoglycerides. Evidence is adduced that 
these two alcohols have the unsymmetrical a-glyceryl ether structure. 


I am indebted to Dr N. K. Adam for communicating to me his results 
on mono-octadecylmalonic acid. My best thanks are due to Prof. J. C. 
Drummond for supplying me with the specimens of the three alcohols. 
Acknowledgment is made to the Department of Scientific and Industrial 
Research for a personal grant. 
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Earty work on the occurrence of pectins and hemicelluloses showed that these 
substances were normally to be found in association in the cell-wall, the 
relative amount of each being dependent on the condition of the tissue, 7.e. 
whether lignified or non-lignified [Clayson, Norris, and Schryver, 1921]. 
Subsequent work [Candlin and Schryver, 1928] indicated the existence of an 
intimate relation between the two classes of substances, since pectin was shown 
to undergo decarboxylation under the influence of alkali, yielding inter ala 
a substance of the hemicellulose type. The yield of hemicellulose obtained by this 
treatment was invariably low, amounting only to 12-20 % of the pectin taken; 
further, these workers were unable to determine the nature of the products 
which represented the major part of the pectin. This might have been due to 
the fact that, as is well known, the sugars readily undergo profound changes 
in the presence of alkali, giving a variety of indefinite degradation products. 
It would follow therefore that if, as would seem possible from its accepted 
constitution, the pectin molecule yields sugars on decarboxylation, these 
latter would be destroyed immediately by the alkali present. 

Since, however, the decarboxylation of pectin is a reaction likely to throw 
some light upon the question of the relationship between certain of the cell- 
wall substances, it is desirable to establish the nature of the substances other 
than hemicelluloses produced thereby. With this object it is necessary to 
employ a decarboxylating reagent which will not tend to destroy these other 
products, and it has been found possible to use hot water for this purpose. 
By this means, pectin has been shown to yield an insoluble substance, of the 
hemicellulose type, and one or more soluble substances, probably sugars. 

The insoluble product finally obtained appears to have undergone much 
more complete decarboxylation than the end-product (hemicellulose) described 
by Candlin and Schryver [1928]. From this insoluble product, a substance of 
the hemicellulose type has been separated, containing 6-2 % of uronic an- 
hydride, and yielding a mixture of sugars on hydrolysis. 

The investigation of the soluble products is not complete, but it is thought 
that the observation that pectin can be decarboxylated by means of hot water 
is of sufficient interest to warrant the publication of a brief account of the work 
at the present stage. 




































DECARBOXYLATION OF PECTIN 


EXPERIMENTAL. 


Methods of decarboxylation. For the earlier experiments, sodium pectate, 
prepared by the method given by Candlin and Schryver, was used. The re- 
actions were carried out in silica vessels, as it was thought that the use of hot 
water under pressure might result in the liberation of free alkali from glass 
vessels. 

‘ About 0-4 g. sodium pectate was placed in a silica boiling-tube, with 8 cc. 
water, and the mixture was heated in an autoclave for 6 hours at approximately 
125° (20 1b. per sq. in.). At the end of this period, the solution of pectin 
had assumed a faintly orange colour. The “uronic anhydride” content of the 
whole of the product was determined by the method of Nanji, Paton and Ling 
[1925]. It was found that little decarboxylation had taken place, the uronic 
anhydride content having fallen only by 3% (calculated on the original 
uronic anhydride content of the sodium pectate). 

It was thought, however, that the elimination of carbon dioxide from 
pectates might be a balanced reaction, in which case removal of carbon 
dioxide from the system would alter the equilibrium and induce further de- 
carboxylation. With this point in view, the experimental conditions were 
modified as follows. 

A nickel crucible containing approximately 2 g. potassium hydroxide was 
placed in the autoclave, the top of the crucible being well above the level of 
the water, but below the level of the mouth of the tube containing the sodium 
pectate. By the use of this device, any carbon dioxide evolved during the 
reaction was removed immediately. 

A sample of sodium pectate heated thus for 5 hours at 153° (60 lb. per 
sq. in.) gave a product whose uronic anhydride content was 58 % less than 
that of the original sodium pectate, indicating that by this modification of the 
experimental conditions decarboxylation could readily be achieved. It was 
found that raising the temperature or prolonging the time of heating resulted 
in increased decarboxylation, but that at temperatures above 153° charring 
was liable to occur. 

The possibility existed, however, that hydrolysis of the sodium pectate 
might occur during this process, giving rise to free alkali, which would produce 
secondary changes in the products of decarboxylation. For this reason it was 
decided to abandon the use of sodium pectate, and to use citrus pectin itself. 
This substance is considered by most workers to be entirely organic. 

On heating citrus pectin (0-2 g. in 10 cc. water) at 153° for 1} hours, a fall 
in the uronic anhydride content of 35 °% was observed. The resultant products 
consisted of a dark brown solid, together with an orange coloured liquid. 

The insoluble products. The brown solid, which on drying was light grey 
in colour, was further examined. 

2 g. of citrus pectin dissolved in 100 cc. water were heated in the autoclave 
at 153° (60 Ib. per sq. in.), in the presence of potassium hydroxide, as described 
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above. Experiments were made to determine the effect of the time of heating 
on the yield of the brown product. In each case, at the end of the period of 
heating the reaction mixture was filtered while hot through a Munroe crucible, 
and the solid product was washed thoroughly with boiling water, and dried 
at 100°. The uronic anhydride content of the product obtained in each case 
was determined (Table I). 

Table I. 


Wt. of insoluble product 
Time of eS Uronic anhydride 


heating (hrs.) Aft (g.) Bt (g.) content (%) 
(0 me lets 69-4*) 
2 0-086 0-086 58-2 
4 0-128 ; 0-137 32-1 
6 0-156 0-147 20-8; 
16 0-218 0-204 12-7; 
48 0-346 0-352 3-6; 3-6 
96 0-403 0-413 a 
* Original citrus pectin. + Duplicate experiments. 

From these figures it seems that the final product given by treatment with 
hot water has a very low uronic anhydride content, and that the amount of 
insoluble product reaches a limit on prolonged treatment. The maximum yield 
of the product amounted to about 20 % of the pectin taken, a figure com- 
parable with that obtained by Candlin and Schryver for the yield of hemi- 
cellulose given by alkali decarboxylation. 

For further investigation of the insoluble product, a rather larger sample 
was prepared by heating citrus pectin with 50 times its weight of water at 
153° for 48 hours; 2 g. of product were obtained in all. This was extracted with 
300 cc. of 4 % sodium hydroxide, the insoluble residue being removed. To the 
extract glacial acetic acid was added until the liquid was very faintly acid, 
after which the solution was treated with an equal volume of 95 % alcohol. 
A brownish coloured precipitate was produced. This settled after standing for 
some hours and was filtered off, washed thoroughly with 95 % alcohol, and 
dried. The substance thus obtained was in the form of a brown powder. A 
yield of 1-14 g. was obtained from 2 g. of the original insoluble product. Its 
uronic anhydride content was found to be 6-2 %. This is considerably lower 
than the uronic anhydride content of the hemicellulose described by Candlin 
and Schryver. The general behaviour of the substance, however, indicated 
that it belonged to the hemicellulose class. It yielded a mixture of sugars on 
hydrolysis with dilute sulphuric acid. 

The soluble products. As stated above, an orange coloured liquid was ob- 
tained together with the insoluble brown product on heating pectin with water 
for some hours at 153°. This liquid became slightly opalescent on cooling; it 
was not possible to obtain a perfectly clear solution by filtration. On treat- 
ment with 4 volumes of alcohol the solution became quite clear, there being no 
precipitate of a gel of pectin; it was concluded therefore that the original 
pectin had been destroyed completely on heating. The addition of acid to the 
solution gave no gel of pectic acid. 
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The solution was neutral to litmus, and did not give the naphthoresorcinol 
test for sugar acids. It possessed strong reducing properties, and appeared to 
contain sugars. It seems certain that the use of hot water as a decarboxylating 
agent avoids that destruction of the soluble products which renders the use 
of alkali objectionable. 

SuMMaRY. 


‘1. It has been found possible to produce decarboxylation of pectin by 
means of hot water under pressure, provided that the carbon dioxide evolved 
during the reaction is removed from the system. 

2. The products obtained by such decarboxylation consist of an insoluble 
substance, probably a hemicellulose (mixed with a small quantity of undeter- 
mined matter), and one or more soluble products, possibly sugars. The hemi- 
cellulose-like substance has a uronic anhydride content of 6-2 %. 


The work described in this paper was undertaken at the suggestion of the 
late Prof. 8. B. Schryver, under whose direction the early experiments were 
carried out. The author wishes to place on record his indebtedness to Prof. 


Schryver for advice and encouragement. 
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In the course of an investigation into the production and medicinal qualities 
of cod-liver oil obtained in various parts of the British Empire, undertaken in 
conjunction with Prof. J. C. Drummond of University College, London, on 
behalf of the Empire Marketing Board and the Medical Research Council, 
information of a quantitative nature has been collected as regards the com- 
position of the mixed fatty acids present in specimens of Newfoundland, 
Scottish and Norwegian cod-liver oil, and also of the mixed fatty acids com- 
bined in the liver oils of coalfish (saith), hake, ling, skate and dogfish taken 
from off the north-eastern or north-western coasts of Scotland. The latter 
group of oils was from fish taken during July-September 1928 during cruises 
of the Scottish Fishery Board’s research steamer “Explorer,” and we would 
express our cordial thanks to the Board, and to Dr A. Bowman of their 
Aberdeen Marine Biological Station, for the facilities given to one of us on 
board the “Explorer” and for the particulars of feeding, etc., supplied in 
respect of the various fish. 

Our object has been to collect data of an approximately quantitative kind 
with reference to the respective proportions of myristic, palmitic, and stearic 
acids, and of unsaturated acids containing respectively 16, 18, 20 and 22 
carbon atoms in the molecule. The analytical methods employed do not, un- 
fortunately, permit of the simultaneous determination of the individual un- 
saturated acids present, in view of the complex mixtures of these (especially 
in the C,, and C,, series) which are generally present in these oils. We have to 
content ourselves, so far as the present records are concerned, with an ap- 
proximate expression of the average degree of unsaturation of each group’, 
accompanied where possible by qualitative information as to the nature of the 
components. 


1 This is conveniently given in terms of the average number of gram-atoms of hydrogen lacking 
as compared with the corresponding saturated acid: thus ( — 2-0 H) indicates the presence of acids 
containing only one ethylene linkage, i.e. acids of the monoethylenic (oleic) series. 
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Whilst, so far as we know, quantitative figures of this kind have not been 
previously published for any of the liver oils in question, qualitative informa- 
tion has appeared from time to time, the earliest definite contribution in the 
case of cod-liver oil being that of Bull [1906], who isolated palmitoleic (A®:?° 
hexadecenoic acid [Armstrong and Hilditch, 1925, 2]) from cod-liver oil; 
references to the occurrence of highly unsaturated (“clupanodonic’’) acids of 
the C,) and C,, series in cod-liver oil were first made by Tsujimoto [1913] and 
by Marcusson and Botger [1914]. Other data on the fatty acids of the liver 
oils now under consideration may be summarised as follows. 

Cod-liver oil. Palmitoleic acid [Schmidt-Nielsen, 1922], gadoleic acid [Bull, 
1906], “clupanodonic” and “jecoric” acids [Fahrion, 1917]; highly un- 
saturated acids [Toyama and Tsuchiya, 1925]; qualitative data for the liver 
oil of Gadus macrocephalus [Toyama, 1926]; some mixed glycerides of cod-liver 
oil [Suzuki and Masuda, 1927, 1928]; relation of composition to vitamin 
content [Holmes, 1924]; percentage of highly unsaturated acids given (from 
insoluble polybromides) by various workers as 10-15 %. 

Coalfish (saith)-liver oil. Percentage of highly unsaturated acids (from 
ether-insoluble polybromides) about 17 % [Lewkowitsch-Warburton, 1922]. 

Ling-liver oil. Percentage of highly unsaturated acids from ether-insoluble 
polybromides, about 14 % [Lewkowitsch-Warburton, 1922]. 

Dogfish-liver oil. Unsaponifiable content has been found between the limits 
of 4 and 32-9 %, both squalene and cholesterol being frequently present; the 
iodine value of the mixed fatty acids is usually lower than in the preceding 
cases [cf. Chapman, 1918; Lexow, 1922; Holmes and Pigott, 1925]. 

The sources of the oils which we have examined are given in Table I, 
together with additional information in some cases as to the food observed in 
the fish, the sex or condition, etc., whilst the general analytical characteristics 
of the oils, together with their comparative vitamin A potencies as indicated 
by the antimony trichloride colour test, are given in Table II. 

In order to secure comparative data for the whole oils, the investigation 
was conducted in each case on the “crude” (7.e. not refined or chilled) material 
obtained by rendering the livers for a short time with open steam in a small 
experimental digester. 

The cod- and saith-liver oils were all pale-coloured and of fair to high 
vitamin potency. The remainder of the specimens were much darker in colour:- 
the ling oil and one of the hake oils were extremely rich in vitamin, but in 
other samples of hake-liver oil examined (four in all) the vitamin potency was 
of a comparatively low order, judged by the colorimetric test. The vitamin 
content of the skate and dogfish oils was not high, but these liver oils are of 
special interest from the standpoint of their component fatty acids or their 
content of unsaponifiable matter. 













268 


Species 


Gadus morrhua, L. 


” ” 


9 ” 


Species 


Gadus virens 


Merluccius 
merluccius 


” 9 


99 ” 


Molva molva 


Raia maculata 


Squalus 
acanthias 


Fish-liver oil 
Cod (Newfoundland) 


Cod (Scottish) 


Cod (Norwegian) 
Coalfish (saith) I 
Coalfish (saith) II 


Hake I 
Hake IT 
Hake III 
Ling 
Skate 
Dogfish 
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Table I. 


Subdivision TELEOSTOMI. 


Fish 
Cod, Newfoundland 
Cod, Scottish 
Cod, Norwegian 


Moray Firth, end of March, 1928 (after spawning, fish mainly 


Lofoten, 1929 season. 


Fish Position 
Coalfish 55°24’ N., 4°59’ W. 
(saith) I 
Coalfish 56°54’ N., 7°10’ W. 


(saith) IL 


Subdivision ELASMOBRANCHII. 


Hake I 58° 03’ N., 6°13’ W. 
(56° 54’ N., 7°10’ W. 
Hake Il 156° 02’ N., 7°03’ W. 
Hake IIIT 55°34’ N25 5°24)’ W. 
Ling 58°03’ N., 6°12’ W. 
Skate 58°17’ N., 6°11’ W. 
Dogfish 58°29’ N., 7°35’ W. 


15-18 


130 


13. viii. 28 < 


Depth m. Date 
73 30. viii. 28 
148 22. viii. 28 
137 17. viii. 28 
148 22. viii. 28) 
78 23. viii. 28f 
88 12. ix. 28 
137 17. viii. 28 
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Family GapIDAE. 


Source, etc. 
Bay de Verd, 1928 season, cod feeding on squid. 


No. 


82 


33 


1 


Size, ete. 
60-90 cm., 
mostly adult 


48-104 cm., 
mostly adult 
38-78 cm., 
adult 
59-100 cm., 
adult (2 males, 
14 females) 
141 cm., 
spent female 


Family Rasiwaez. 


( 17 £23-45cm., } 
| males | 
; 23 22-53 cm., ( 


Family SQuaLIDAE. 
16. 


viii. 28 


154 


) females deve loping 


reproductive | 
organs J 


47-83 cm., 
developing 
reproductive 
organs 


Table II. General analytical characteristics of the liver oils. 


Saponification 
equivalent 
301-1 
305-1 
302-6 
302-2 
304-8 
302-7 
304-2 
301-3 
300-0 
332-8 
343-5 


Iodine 


value 
163-0 
177-1 
161-8 
167-1 
167-5 
150-6 
158-5 
149-2 
150-3 
210-2 
121-8 


Free acidity Unsaponi- 

(as % fiable 

oleic acid) % 
0-46 0-87 
0-45 0-91 
0-27 0-63 
0-05 0-80 
0-07 0-60 
0-14 0-91 
0-14 1-65 
0-12 1-21 
0-22 1-16 
0-38 0-31 
0-14 10-5 


* Determined in a 1” cell by the Rosenheim-Schuster colorimeter. 


Colour of oil* 





Yellow 
3-2 
3°3 
1:7 
48 
4-9 
12-3 
6-4 
16-0 
8-7 
ca. 30 
9-3 





“spent”). 


Stomach contents 
Fish remains (2), ) 
herring (6), Me 
ganycliphanes (14), 
small Squalus acan- 
thias ( (1), empty (59), 
Fish remains, mostly 
herring (21), Gadus 
esmarkii (1), Gadus 
— ), empty 
(10). ' 

¥ 


All empty 
All empty 
All empty 
Empty. | 


Chiefly _sand-eels 
(Ammodytes), a fev 
with Annelids ani 
Portunus sp. 


Fish remains, mostl} 
herring (110), Mo 
chites (43), empty! 
(30) 


Vitamin 4 
—, (colorimetn 
Red blue unit 
0-1 9-0 
0-1 11-0 
0-0 3-6 
0-6 9-5 
0-5 78 
0:8 21-7 
0-9 3-4 
2-3 ca. 8 
0-8 29-3 
8-6 3-1 
0-8 6-5 
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FATTY ACIDS OF FISH-LIVER OILS 


GENERAL EXPERIMENTAL PROCEDURE. 


Broadly speaking, the method followed in determining the composition of 
the mixed fatty acids was based on that described for the similar analyses of 
the fatty acids in the head and blubber oils of the sperm whale [Hilditch and 
Lovern, 1928], namely, division of the acids into two (or three) groups, mainly 
saturated and mainly unsaturated, by crystallisation of the less soluble lead 
salts from alcohol, followed by conversion of each group into methyl esters 
and systematic fractional distillation and refractionation of the latter under 
as high a vacuum as possible. 

Fish-liver oil acids are amongst the most difficult to handle accurately by 
this method for the following reasons: 

(i) the unusual number and complexity of the fatty acids present; 

(ii) the readiness with which the very highly unsaturated acids of the Cy» 
and C,, series oxidise on exposure to air and polymerise when heated ; 

(ili) the presence of mono- (and small amounts of di-) ethylenic acids con- 
taining 16 and 14 carbon atoms (mainly palmitoleic acid, C,,H390,); 

(iv) the sparing sclubility of the lead salts of the monoethylenic acids of 
the Cy) and C,, series (gadoleic and cetoleic acids). 

We introduced a number of additional precautions as described below in 
order to cope with these complications so far as possible, and we believe that 
the figures given for acids up to and including the C,, series are within 1 or 2 
units of the true figure, but it is possible that those for the Cy) and Cy. acids 
may not in all cases be of this order of accuracy. Having pointed out, however, 
that the data obtained are probably not quite of the same order of certainty as 
in cases of simpler mixtures of acids, we must add that they furnish an approxi- 
mate guide to the general composition of the acids and serve to reveal certain 
similarities and dissimilarities between different kinds of marine animal oils 
which it has not hitherto been possible to detect. 

Some details of the analytical methods used are as follows. 

Lead salt separations. The mixed fatty acids (1 part) from the liver oil under 
examination were treated with lead acetate (0-7 part) in 95 % alcohol (10 
parts), the acids and the lead acetate being separately dissolved in half of the 
alcohol to be employed, and the boiling solutions mixed, heated under a reflux 
condenser for 15-20 minutes and set aside at room temperature overnight. 
The separated lead salts, which were frequently somewhat amorphous owing 
to the presence of lead gadoleate and cetoleate, were recrystallised from a 
volume of 95 % alcohol equal to that used in the first place and containing 
1 % of acetic acid. The flasks containing the hot alcoholic solutions of lead 
salts were tightly stoppered before cooling, thus preventing access of air to 
the cold solution; liberation of fatty acids from the lead salts (and from the 
original saponified oil) was always carried out in an atmosphere of carbon 
dioxide and all collected specimens of fatty acids or the methyl esters were 
stored under nitrogen. 
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In a few instances three groups of fatty acids were esterified: 

(i) those from the recrystallised lead salts (“‘solid” acids S); 

(ii) those from the alcohol liquors from the recrystallisation (“liquid” 
acids LR); 

(iii) those from the original alcohol liquors containing dissolved lead salts 
(“‘liquid”’ acids Z); but it was observed that the acids LR and L were of much 
the same composition, and therefore these two groups were more usually 
united and dealt with as “liquid” acids L. 

Fractional distillation. The primary distillates were usually collected in 
about four fractions, each of which of course was far from being a simple 
mixture; refractionation of each fraction, however, led to mixtures of esters 
which were apparently sufficiently simple for approximate estimation of their 
composition from consideration of the saponification equivalent and iodine 
value. 

Myristic acid, palmitic acid, dihydroxypalmitic acid (M.p. 124-125°) and 
dihydroxystearic acid (M.P. 129-130°) were identified from various fractions of 
the Scottish cod-liver oil esters after oxidation of the corresponding soaps in 
alkaline solution with ice-cold permanganate, but formal identifications were 
not made in the cases of esters from the other oils, the fractionation data in- 
dicating similar qualitative composition in each case, and the presence of the 
individual acids concerned having been definitely established in the majority 
of the oils by previous workers. 

The fractionation of the portions of esters most likely to contain highly 
unsaturated derivatives was in each case completed as rapidly as possible, and 
all ester fractions were stored under nitrogen, the iodine values being deter- 
mined as soon as possible after distillation. To a large extent these precautions 
eliminated errors due to oxidation or polymerisation at the ordinary tempera- 
ture, but in the majority of cases appreciable polymerisation of the highly 
unsaturated components took place during the distillations, as evidenced by 
the properties of the undistilled residue and progressive decline in iodine value 
of the higher-boiling fractions. It was therefore decided in such cases to 
abandon the usual method of estimation, using both iodine values and saponi- 
fication equivalents, and to obtain an approximate estimate from the latter 
alone. 

It was very noticeable that the unsaturated esters from different oils varied 
greatly in their tendency to undergo polymerisation during heating; some were 
hardly affected at all, others quite appreciably. The time and degree of ex- 
posure to heat were much the same in all cases, and it remains to be determined 
whether this behaviour is due to the presence of different isomeric unsaturated 
acids in different oils, or whether it is conditioned by some external factor such 
as catalytic action of the walls or internal fittings of the distillation bulb. 

Calculation of the results. This was carried out on similar lines to those which 
we have described at length in earlier papers on this subject [cf. Hilditch and 
Lovern, 1928; Hilditch and Jones, 1929], with the following additions. 
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(i) Composition of low-boiling fractions containing saturated esters. Owing to 
the presence of unsaturated acids of the C,, (and C,,) as well as the C,, series, it 
happened not infrequently that methyl palmitate (or myristate) was accom- 
panied by two unsaturated esters (e.g. methyl palmitoleate and oleate), and 
moreover the latter esters usually contained a certain proportion of diethylenic 
as well as monoethylenic compounds. This upset the usual procedure by which 
a mixture of two saturated and’one unsaturated ester can be arithmetically 
analysed from its iodine value and saponification equivalent, and in such cases 
the ester fractions concerned (1 part) were oxidised in acetone solution (10-15 
parts) with sufficient powdered potassium permanganate (2-5 parts, according 
to the unsaturation of the fraction) to convert all ethylenic esters present into 
acidic products [cf. Armstrong and Hilditch, 1925, 1]; the residual saturated 
esters were weighed and their composition estimated from their observed 
saponification equivalent. 

(ii) Composition of high-boiling fractions containing possibly polymerised 
Cy and Cy, esters. In order to estimate these by means of the equivalent alone, 
as indicated above, it was necessary to deduce the average equivalents of the 
unsaturated Cy) and Cy. esters present, since these were lower by several units 
than those of the corresponding saturated esters. To do this the assumption 
was made that mixtures of unsaturated esters of the same molecular carbon 
content distil together in constant proportions—an assumption which we 
know from experience to be very nearly, but not rigidly, correct in the case of 
methyl oleate and methyl linoleate. Then, commencing from the simpler 
mixtures of lowest boiling point (e.g. methyl palmitoleate with methyl oleate 
and linoleate) it was possible to determine the average unsaturation of the 
latter esters; and, by selecting suitable fractions corresponding with mixtures 
of unsaturated C,, and Cy) esters, to repeat the calculation and determine an 
approximate average iodine value for the Cy») group; and, again, similarly for 
the C,, group of esters. These approximate iodine values determine within 
small limits the average molecular weights (equivalents) of the corresponding 
groups of esters. 

It is proposed to give, by way of illustration, the detailed estimations of 
increments of the various groups of esters in the analysis of the Newfoundland 
cod-liver oil, but, in order to shorten the tabulated results as much as possible, 
the experimental data for the remaining ten oils are tabulated and followed 
by a statement of the final fatty acid compositions arrived at from each analysis. 


NEWFOUNDLAND COD-LIVER OIL. 


Table III a. Lead salt separation. 


Saponification Todine 
g. % equivalent value 
“Solid” acids S 74-0 21-1 266-2 59-4 


“Liquid” acids L 276-0 78-9 286-0 173-4 








S 


L4 
L5 
* 


Sil 
S12 
S13 





67-90 


76°36 


14-33 
19-96 
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Table III b. Fractionation of methyl esters. 


Primary fractions 





B.P./1 mm. 


110—130° 
130-160 
160-163 
Residue 


122-140° 
140-150 
150-170 


170-181 
Residue 


Sap. eq. 


(i) 
261-8 
287:8 


309-0 
337-0* 


(ii) Esters of “ 


269-1 


291-5 


319-1 


338-6 
377-9* 


LV. 


isters of “‘ 


19-6 
61-4 


104-3 
145-7 


86-3 


125-5 


215-1 


260-7 
234-8 


No. 


solid 


(S11 
< 812 
LS 13 


liquid ”’ 


(Lil 
<L12 
(L113 
(L 21 
4122 
LL 23 
(L 31 
4 132 
LL 33 


g 
Le 


” acids S. 


17-62 
8-13 
7-36 


Refrac 


B.P./1 mm. 


100-120° 
120-125 
Residue 


acids L. 


4-98 
35-87 
10-22 

7-25 
49-46 

6-88 

6-48 
55-87 

9-42 


100-131° 
131-132 
Residue 
115-142 
142-145 
Residue 
135-156 
156-162 
Residue 


tionations 


Sap. eq. 


256-1 
266:1 
284-0 


253-4 
263-5 
285-5 
267-7 
287-1 
293-0 
301-6 
312-2 
333-2 


10-9 
17-2 
42:3 


60-4 

2-4 
1155 
1015 
120-4 
2008 
161-4 
2145 
259-9 


Saponification equivalents of residual esters, freed from unsaponifiable material, S 4: 330-6, L 5: 332-4. 


Table III c. Determination of saturated components of ester fractions by oxidation. 


SRR 2 
mbhom of 
ca 8 


tb 


Weight taken 


13-39 
11-71 
31-70 


Saturated ester present 


i—- 


og 
S- 


1l- 


59 


5-26 


- 
7 


87 





aaa 

Sap. eq. 
256-6 
275-9 


251-3 


17-62 


bo 


oS Oo 


( 
1 Wts. 


%> as esters 


Qe IOs 


] 
3 
33:1 


—_ 


3 
] 


~-I =] 
~I 


w 


11-40 
70-31 Wts. 


% as esters 
% as acids 


Table III d. Estimated composition of fatty acids. 


(i) Details of methyl ester fractions. 














Esters of saturated acids Esters of unsaturated acids — 
% a able 
Cy Cie Cis Cys Cys Cys Cy Cyp matter 
Esters of “solid” acids 8. 
Refractionation of primary fraction S 1. 
8-15 7-44 2-03 e —~ 
0-86 5-79 — 1-48 foe = = 
— 3-25 0-48 - 3°63 - sce 
9-01 16-48 0-48 3°51 3-63 — = 
27-2 49-8 1-4 - 10-6 11-0 — _— — 
Primary fractions. 

10-26 18-77 0-55 4-00 4-13 — — = 
— 5-46 1-60 — 7-87 0-80 - — 
- — - 2-62 2-85 — — 
— — _ ; “ne a 17 3-62 — 
10-26 24-23 2-15 4-00 14-62 11-43 3-62 = 
14-5 34-6 3-0 5-7 20-8 16-2 5-2 — 
14-4 34:5 3-0 — 5-7 20-9 16-3 5-2 = 


| 
| 
| 
| 
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th bh 


ee 


Bt 





LY. 


10-9 
17-2 
423 


nsa pou: 
fiable 
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Table III d (continued). 


Esters of saturated acids Esters of unsaturated acids 





























c os ~ c 
&- Cy Cie Cis Cys Cie Cys Coo Cy 
Esters of “liquid” acids L. 
Refractionation of primary fractions L 1, L 2, L3. 

4-98 1-92 — be 0-70 2-36 a fone ns 
35-87 5-73 3-18 — -- 26-96 = - — 
10-22 — = — — 3°37 6°85 — -- 
51-07 Wts. 7-65 3-18 — 0-70 32-69 6-85 - -- 

% asesters 15-0 6-2 — 1-4 64-0 13-4 “= 

7-25 -- -— — _ 5-78 1-47 -- -- 
49-46 13-14 36-32 — — 

6-88 2-77 4-11 — 
63-59 Wts. -- -— _ — 18-92 40-56 4-11 — 

% asesters — — — — 29-8 63-8 6-4 — 

6-48 —- - oo — 4-65 1-83 — 

55-87 16-46 39-41 “= - 

9-42 - 4-51 4-91 — 
71-77 Wts. — — _ _ 21-11 45-75 4-91 

% as esters 29-4 63-8 6-8 — 
Primary fractions. 
55°81 8-36 3-47 — 0-76 35-73 7-49 -- _- 
67-90 - 20-20 43-30 4-40 -- 
76-36 — — —_ - — 22-46 48-67 5-23 
14-33 3-46 10-87 
19-96 — _— — — — 8-52 9-04 
234-36 Wts. 8-36 3-47 -= 0-76 55-93 73-25 65-05 25-14 
%asesters 3-6 1-4 —_— 0-3 23-9 31-3 27:8 10-7 
%asacids 3:5 1-4 — 0-3 23-8 31:3 27-8 10-8 
(ii) Composition of original acids. 
“Solid” “Liquid” Fatty acids 
acids S acids L (mean unsat- 
Acids (21-1 %) (78-9 %) Total % % uration) 
Saturated: 
Myristic 3-0 2-8 5-8 6 
Palmitic 7:3 1-1 8-4 8-5 
Stearic 0-6 _ 0-6 0-5 
Unsaturated: 
Cy, group — 0-2 0-2 Trace 
~aaee 1-2 18-8 20-0 20 (-2-3 H) 
a: 9 4-4 24-7 29-1 29 (-2-8 H) 
a 3-5 21-9 25-4 26 (-6-0 H) 
Se se 1-1 8-5 9-6 10 (-6-9 H) 
Unsaponifiable - 0-9 0-9 — 


The iodine values of the higher-boiling unsaturated ester fractions fell off 
somewhat on each distillation, and the average unsaturation of the acids of 
the Cy) and C,, groups is therefore actually higher than the values suggested 
in the final column. The unsaturated C,, acids, however, consisted of about 
60 % oleic and 40 % linoleic acids, whilst the corresponding C,, group con- 
tained a little hexadecadienoic acid but was mainly composed of palmitoleic 
acid. A certain amount of gadoleic (monoethylenic C9) acid was present, but, 


apparently, little cetoleic acid (C.,H,.0,). 
PI y atta 


Hoe 





Unsaponi- 
fiable 
matter 


Co SO 








S1 


83 


S4 


D1 


L2 


L3 


L4 
L5 


ScOTTISH COD-LIVER OIL. 


Table IV a. Lead salt separation. 


K. D. GUHA, T. P. HILDITCH AND J. A. LOVERN 








g. % Sap. eq. a 
“Solid” acids S$ 200-2 46-5 309-5 (E) 110-3 (E) 
“Liquid” acids L 138-6 32-2 297-4 (A) 229-7 (A) 
“Liquid” acids LR 91-3 21:3 _— 203-8 (E) 
(A), analyses on acids; (E), analyses on corresponding methy] esters. 
Table IV 6. Fractionation of methyl esters. 
Primary fractions Refractionations 
A A 
f ‘ cw 
g. B.P./1 mm. Sap. eq. LV. No. g. B.P./1 mm. Sap. eq. 
(i) Esters of “solid” acids S. 
Sil 7-69 120-134° 253-0 
ities aa it S12 17-93 134-138 259-8 
75°28 = :125-135° 3707 1 S13 3632 138-152 271-7 
S14 7-56 Residue 299-3 
§ 21 13-92 145-163 285-3 
49-70 135-155 297-1 102-3 S 22 21-25 163-165 296-6 
S 23 8-85 Residue 317-8 
fs 31 8-75 165-183 318-4 
" eR S 32 18-40 183 325-9 
6 a5 \. \< 2 
57-28 = 155-180 320-9 = 189-0 S33 1519 183-195 338-3 
S 34 9-69 Residue 340-4 
15-11 Residue 348-7 204-5 
Further refractionation of S 22 S 221 3-71 160-163 289-4 
S 222 5-45 163-164 291-8 
S 223 7-42 Residue 302-1 
(ii) Esters of “liquid” acids L. 
¥: ll 2-55 110-134° 251-9 
- L12 7:30 134-140 266-1 
oA. ba o 979. . 
26-06 108-140 272-4 = 103-4 La (8g Fos 279-8 
L114 6-10 Residue 278-2 
fz 21 5-19 140-149 280-0 
‘ ne 2 L 22 12-86 149 284-3 
31-2 0-15 296- : 
31-23 140-155 96-1 166-3 L 23 3-53 149-161 298-3 
L 24 5-47 Residue 310-1 
. (L 31 6-36 135-163 304-3 
25-31 155-178 — 247-7 L 32 10-01 163-164 316-1 
L 33 4-65 Residue 329-0 
(L4l 6-12 160-187 321-0 
21-63 178-188 -—— —_— < £42 7-19 187 324-0 
LL 43 4-54 Residue 337-0 
9-23 Residue 446-5* 159-2 


* Saponification equivalent of residual esters, freed from unsaponifiable material, L 5: 325-8. 


—— a 


Ly; 


19-8 
21:5 
36:8 
104-0 
66-2 
94:5 
158-8 
158-9 
181-5 
203-9 
206-3 


76-9 
83:1 
110-5 


66-6 

82-6 

97-2 
119-9 
122-7 
138-8 
183-5 
238-1 
208-4 
257°8 
269-9 
2754 
276-9 
272:3 
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Table IV 6 (continued). 
(ui) Esters of “liquid” acids DR. 








Primary fractions Refractionations 

| tn = rc A 

g. B.P./1 mm. Sap. eq. vs No. g. B.P./1 mm. Sap. eq. 
(LR11 5-30 116-134° 255-8 
14-07 110-146° _— 96-7 IR12 3-32 134-144 271-0 
- IR13 4-82 Residue 288-7 
(LR 21 5-70 135-148 273-4 
21-43 146-155 278-2 140-2 <IR22 613 148-154 287-1 
(LR23 5-49 Residue 301-5 
(ZR31 5-91 148-161 295-7 
16-34 155-170 — 202-4 LR32 3-67 161-170 308-5 
IR33 =5-29 Residue 321-2 
(LR 41 3-60 140-162 309-9 
24-92 170-178 309-9 269-8 IR42 8-22 162-164 317-5 
LR43 ~~ 8-70 Residue 332-8 
10-30 Residue 351-7* 262-5 


* Saponification equivalent of residual esters, freed from unsaponifiable material, LR 5: 328-4. 


Table IV c. Estimated composition of fatty acids. 





oc 
LV. 
66-6 
93-9 
132-2 
110-3 
127-6 
186-7 
155-3 
202-8 
246-9 
226-3 
258-4 
275-6 


“Solid” “Liquid” “Liquid” Fatty acids 
acids S acids L acids LR (mean unsat- 
Acids (46-5 %) (32-2 %) (21-3 %) Total % % uration) 
Saturated: 
Myristic 2-5 0-5 0-5 3-5 3-5 
Palmitic 9-9 0-3 Trace 10-2 10 
Unsaturated : 
C,, group 0-3 0-2 0-5 0-5 
— | 45 7-6 3-2 15-3 155  (-2-0H) 
Cc os 10-2 7-7 6-6 24-5 25 (-2-9 H) 
Ss 10-6 12-2 8-3 31-1 315 (-61H) 
Ce 88 2-8 2-3 13-9 14 (-6-4 H) 
Unsaponifiable — 0-8 0-2 1-0 —_ 


The composition is not very different from that of the Newfoundland oil, 
although distinctly more of the unsaturated C,) and C,, acids are present, at 
the expense of unsaturated C,, and C,, acids. Palmitoleic acid is practically 
the only unsaturated C,, acid present, the C,, group consists of oleic and linoleic 
acids in nearly. equal proportions, and, as in the previous analysis, the actual 
mean unsaturation of the Cy) and C,, groups is higher than the figures indicate ; 
gadoleic and cetoleic acids are both present, probably in definitely higher 
proportions than in the Newfoundland oil. 


NORWEGIAN COD-LIVER OIL. 


Table Va. Lead salt separation. 


g- % Sap. eq. EY, 
“Solid” acids S 168-8 29-6 278-5 95-7 
“Liquid” acids L 401-8 70-4 298-5 170-2 
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Table V b. Fractionation of methyl esters. 


Primary fractions Refractionations 





g. B.P./1 mm. Sap. eq. LV. No. g. B.P./1 mm. Sap. eq. 
{ p- €q Pp. &q 


(i) Esters of “solid” acids S. 


(S11 11-30 50-124° 249-1 
; oi eee ee sie 1$12 10-53 124-128 262-0 
44:59 70-135 262-2 32-1 1813 8-38 128-135 268-3 
|S 14 8-03 Residue 277-0 
(8S 21 4-54 60-132 272-9 
25-03 135-155 287-3 65-8 < § 22 7-04 132-135 283-1 
| 8 23 9-02 Residue 295-9 
(S31 13-69 85-152 302-1 
35-96 155-168 312-1 95-4 < § 32 8-17 152-168 312-6 
| $33 8:36 Residue 323-7 
10-46 168-169 326-0 110-1 
21-50 Residue 326-5 148-9 
(ii) Esters of “liquid” acids L. 
(LZ 11 13-89 70-133° 2521 
49-56 100-135° 269-8 74-5 L 12 12-70 135-141 262-7 
(£13 13-60 Residue 271-5 
(£21 21-33 100-141 271-6 
47-25 135-150 289-0 111-2 < £22 23-82 141-151 280-5 
| L 23 23-33 Residue 295-3 
(L3l 15-90 108-145 288-0 
51-51 150-160 304-4 142-0 < £32 13-67 145-155 294-9 
L 33 16-73 Residue 301-1 
f LAl 22-69 110-150 301-2 
68-62 160-175 322-1 175-3 < £42 24-48 150-160 314-0 
\L£43 15-41 Residue 323-1 
(L51 8-75 110-180 308-7 
a we 2on.K oon. } L 52 34-22 180-190 327-5 
76-85 175-190 336-5 220-8 \z 53 19-16 190 340-3 
| L 54 9-20 Residue 349-9 
26-97 Residue 375-6* 195-1 


* Saponification equivalent of residual esters, freed from unsaponifiable material, L 5: 336-5. 


Table V c. Determination of saturated components of ester fractions by oxidation. 


Saturated esters present 


Weight taken Se 
No. g. g- Sap. eq. 
Lil 8-10 3°7 242-0 
£21 12-80 2-50 273-1 
L 22 18-93 1-94 274-2 


Table V d. Estimated composition of fatty acids. 


“Solid” “Liquid” Fatty acids 
acids S acids L (mean unsat- 
Acids (29-6 %) (70-4 %) Total % % uration) 
Saturated: 
Myristic 2-7 2-1 4:8 5 
Palmitic 5-1 1-3 6-4 6-5 
Stearic oo 0-2 0-2 Trace 
Unsaturated: 
Cy, group — 0-4 0-4 0-5 
Cs 31 13-1 16-2 16 (-—2-0 H) 
chs 5 7-4 23-2 30-6 31 ( -—2-8 H) 
o. 10-5 19-7 30-2 305 (-5-1H) 
4. 0-8 9-7 10-5 10-5 (2) 
Unsaponifiable — 0-6 0-6 _— 


LY, 


23-9 
26-6 
30-4 
48-5 
45-2 
56-9 
79-2 
88-4 
93-0 
103-6 


53:3 

739 

95:3 

92-2 
105°3 
135-4 
121-6 
1316 
161-2 
1498 
168-0 
195-6 
178-0 
201-4 
219-9 
2355 



































s 


on 


i 


LY, 


23-9 
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48:5 
45:2 
56-9 
79-2 
88-4 
93-0 
103-6 


53:3 
739 
95-3 
2-2 
1053 
135-4 
121-6 
131-6 
161-2 
1498 
1680 
1956 
178-0 
201-4 
219-9 
235°5 
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The composition is similar to that of the other cod-liver oils studied, 
although the content of saturated acids is somewhat less. Palmitoleic acid is 
again practically the only unsaturated C,, acid present, the proportion of 
oleic to linoleic acid is much the same as in the Newfoundland oil examined; 
in the Cy) and C,, groups of unsaturated acids, gadoleic acid occurs in some 
quantity, but the presence of cetoleic acid is doubtful, and polymerisation 
during heating prevented any reliable estimate being given for the average 
unsaturation of these groups of fatty acids. 


CoaALFIsH (SAITH)-LIVER OIL I. 


Table VI a. Lead salt separation. 


g. % Sap. eq. I.V. 
“Solid” acids S 154-5 33°3 268-7 68-6 
“Liquid” acids L 309-5 66-7 291-8 200-9 


Table VI b. Fractionation of methyl esters. 














Primary fractions Refractionations 
| A — se cr =a 
No. g. B.P./1 mm. Sap. eq. I.V. No. g. B.P./1 mm. Sap. eq. Ly. 
(i) Esters of “solid” acids S. 
(s 11 3-27 105-123° 245-7 7-3 
S12 6 23-125 251- 7: 
$1 5137 ———:120-130° 259-0 14-1 . $13 2227 125-137 264.0 12.1 
LS 14 6-02 Residue 274-3 36-9 
w 4 aay oie oe S21 14-57 130-131 265-9 16-0 
82 3238 130-140 275-0 27-7 {5 22 13:32 ~—-Residue 275-7 38-4 
(S31 7-19 130-145 281-8 50-9 
83 29-99 140-160 295-4 75-0 < 832 10-46 145-147 287-9 66-8 
LS 33 7-97 Residue 302-8 105-7 
(S41 4-06 155-175 320-0 122-8 
84 22-32 160-183 329-8 151-3 4 S 42 4-40 175-177 320-2 141-3 
LS 43 9-16 Residue 330-2 162-2 
85 9-83 Residue 342-2* 188-4 
(ii) Esters of “liquid” acids L. 
(Lil 8-11 120-130° 255-1 58-8 
Ll 60-39 130-150° 271-1 102-3 < £12 36-85 130-132 269-7 90-3 
; (L 13 7-58 Residue 290-5 141-2 
(£21 14-2] 135-141 270-4 107-3 
; L22 31-55 145 289-6 23-4 
12 ass otc meer ER EM ate 
L 24 11-03 Residue 312°5 198-5 
£31 3-34 121-150 291-7 146-5 
ees iad ace alice L32 34:55 150-151 298-9 173-6 
L3 7733 160-174 3147 215-0 \L33 1857 151-162 315-8 200-9 
LL 34 15-09 Residue 327-9 229-8 
(LI 41 3-91 150-173 313-4 222-8 
ss 4 leis sida L42 24-56 173-174 330-1 249-0 
L4 = 5464 174-197 ao = L43 11:26 174-178 335-2 256-4 
L 44 9-10 Residue 342-7 261-3 
L5 25-70 Residue 387-1* 217-2 


* Saponification equivalents of residual esters, freed from unsaponifiable material, S 5: 329-9, L 5: 337-1. 
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Table VI c. Determination of saturated components of ester fractions by oxidation. 









Saturated esters present 


Weight taken o_o 

















No. g- g. Sap. eq. 
S12 10-66 8-37 250-6 
S21 10-71 9-00 266-0 
S 32 6-72 2-91 283-6 
Lil 3°86 1-67 242-0 
£12 32-49 6-77 255-8 
LE 23 18-96 nil — 


Table VI d. Estimated composition of fatty acids. 


* Liquid” 
acids L 


“Solid” 
acids S 


Acids (33-3 %) (66-7 %) Total % Fatty acids % 
Saturated: 
Mpyristic 4-6 1-9 6-5 6-5 
Palmitic 12-0 0-9 12-9 13 
Stearic 0-6 _— 0-6 0-5 
Unsaturated: 
Cy, group 3-1 11-3 14-4 14-5 
——— 5-2 25-1 30-3 31 
a. 6:3 18-1 24-4 24-5 
1-4 8-7 10-1 10 
Unsaponifiable 0-1 0-7 0-8 — 


The highly unsaturated esters from this oil were extremely susceptible to 
polymerisation, and the iodine values fell continuously at every operation in- 
volving heat; the cause of this behaviour is uncertain, but in consequence it is 
not possible to give estimates for the average unsaturation of the various 
groups. The C,, acids appear to be made up of approximately equal propor- 
tions of oleic and linoleic acids, whilst palmitoleic acid forms the greater part 
of the C,, group. On the whole the fatty acids are very similar in type and 
proportion to those of the cod-liver oils (especially, perhaps, the Newfoundland 


CoALFISH (SAITH)-LIVER OIL IT. 


Table VII a. Lead salt separation. 


L.V. (of 
corresponding 
g. % methyl esters) 
“Solid” acids S 92-0 31-5 57-5 
“Liquid” acids L 200-0 68-5 203-1 


Table VII 6. Fractionation of methyl esters, 


(i) Esters of “solid” acids S. 


Primary fractions 
c ase a, 





No. g. B.P./1 mm. Sap. eq. LY. 
Sl 57-3 100-133 268-7 24-42 
S2 14-92 133-155 311-0 101-6 
S3 6-18 155-165 333-3 140-5 


Residue 339-7 
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Table VII b (continued). 
(ii) Esters of “liquid” acids L. 


On. 





Primary fractions Refractionations 

SSS ney cr “ = 

No. g. B.P./1 mm. Sap. eq. rvs No. g. B.P./1 mm. Sap. eq. EY. 
(fil 11-27 100-123° 262-3 77:1 

Ll 56-51 120-143° 282-1 116-6 £12 31-22 123-130 282-4 115-5 
(L13 8-74 Residue 291-8 177°1 

(£21 7-07 120-145 290-5 140-6 

L2 73-31 143-163 309-4 196-4 L 22 47-84 145-157 301-6 184-9 
L 23 13-45 Residue 326-8 271-8 

(£31 4-72 145-170 322-5 260-1 

L3 51-23 163-180 336-7 277-4 < £32 31-11 170-175 334-0 280-0 
_L 33 11-03 Residue 340-9 288-5 

L4 14-62 Residue 372-1* 234-3 


* Saponification equivalent of residual esters, freed from unsaponifiable material, L 4: 327-6. 


Table VII c. Determination of saturated components of ester fractions by oxidation. 


Saturated esters present 


Weight taken (oe 
No. g. g. Sap. eq. 
S1 18-45 14-03 260-4 
S2 11-52 3-50 288-3 


(LV. still 13-7) 


Table VII d. Estimated composition of fatty acids. 
7 y 


“Solid” “Liquid” Fatty acids 
acids S acids L (mean unsat- 
Acids (31-5 %) (68-5 %) Total % of uration) 
Saturated: 
Myristic 5-0 0-8 5-8 6 
Palmitic 12-0 — 12-0 12 
Stearic “2 — 0-2 Trace 
Unsaturated : 
Cy, group —- 0-1 0-1 Trace 
és ie 9-2 9-2 95 (-20H) 
ae 2 4-5 24-8 29-3 29-5  (-3-2H) 
x 7-0 19-5 26-5 26-5 (-5-5 H) 
ee cae 2-8 13-5 16-3 16-5 (-7-3 H) 
Unsaponifiable _ 0-6 0-6 o 


In contrast to the experience in the previous analysis (saith oil 1), little or 
no tendency to polymerisation was found when the methyl esters of the 
highly unsaturated Cy» and C,, acids were distilled; the cause of this difference 
in behaviour is not clear. The total composition of the fatty acids differs but 
little from that observed in the first-named case, except that there is less 
palmitoleic acid present than usual, and correspondingly more of the acids of 
the C,, group—a feature which is in keeping with the saponification equivalents 
of the respective oils. 

HAKE-LIVER OIL I. 


Table VIII a. Lead salt separation. 
I.V. (of corre- 


sponding methyl 
g. % esters) 
“Solid” acids S 50-0 30-0 46-3 
* Liquid” acids L 117-0 70-0 182-0 
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Table VIII b. Fractionation of methyl esters. 
(i) Esters of “solid” acids S. 


Primary fractions 











t ~ 
No. g. B.P./1 mm. Sap. eq. es 
Sl 17-82 110-130° 260-1 8-5 
S2 14-35 130-145 277-1 23-1 
S3 9-56 145-168 316-7 84-0 
S4 8-91 Residue 337-3 118-4 
(ii) Esters of “liquid” acids L. 
Primary fractions Refractionations 
No. g. B.P./1 mm. Sap. eq. LV. No. g. B.P./1 mm. Sap. eq. LV. 
ere ace Li 6-94 100-120° 254-6 572 |? 
Li 19-31 117-137" 267-7 89-0 Li2 8.23 Residue 270-5 «1161 
(£21 7:77 110-134 273-9 1123 | J 
L2 39-66 137-155 290-9 150-4 <L22 1914 134-139 286-6 = 141-5 
L 23 ‘71 Residue 312-5 203-0 
L31 413 120-163 305-0 1855 | J 
L3 40-84 155-175 318-4 224-2 < E32 21-89 163-167 316-3 215-0 
L 33 10°31 Residue 334-6 231-7 
L4 14-79 Residue 372-1* 235-4 
* Saponification equivalent of residual esters, freed from unsaponifiable material, L 4: 336-8. 


Table VIII c. Determination of saturated components of ester fractions by oxidation. 


Saturated esters present 
Weight taken tte ea tee 


= 
No. g. g. Sap. eq. 
Sl 14-35 12-79 257-3 
S2 10-88 7-88 268-3 
S3 6-31 1-60 268-3 


Table VIII d. Estimated composition of fatty acids. 


“Solid” “Liquid” Fatty acids 
acids S acids L (mean unsat- 
Acids (30-0 %) (70-0 %) Total % % uration) 
Saturated: 
Myristic 4:3 2-2 6-5 7 
Palmitic 12-7 — 12-7 13 
Unsaturated: s 
Cy, group — 0-3 0-3 Trace 
Cis 1-0 16-2 17-2 17 (-2-0 H) 
as 1-7 16-3 18-0 18 (-3-5 H) 
ao 5-4 24-9 30-3 31 (-4-9 H) 
i 4-9 9-2 14-1 14 (2) 
Unsaponifiable — 0-9 0-9 — 
HAKE-LIVER ott II. 
Table [IX a. Lead salt separation. 
Sap. eq. LV. 
g. % (of corresponding methy] esters) 
“Solid” acids S 65-0 38-9 292-1 70-6 


“Liquid” acids L 102-0 61-1 308-9 167-5 
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Table IX b. Fractionation of methyl esters. 
(i) Esters of “solid” acids S. 


Primary fractions 





” —_ 








No. g. B.P./1 mm. Sap. eq. Lvs 
Sl 9-8 100-130° 259-1 12-6 
S2 10-93 130-140 270-1 22-2 
S3 10-60 140-150 284-4 45-6 
S4 9-39 150-165 311-8 96-1 
; S5 8-57 165-170 334-0 122-9 
S6 7-76 Residue 334-1 111-3 
(ii) Esters of “liquid” acids L. 
——, Primary fractions . Refractionations 
LY. c— x . ah — 
57-2 No. g. B.P./1 mm. Sap. eq. LN. No. g. B.P./1 mm. Sap. eq. EN. 
116-1 (L11 5-70 110-125° 262-7 60-5 
1129 | Ll 18-94 114-142° 274-8 88-8 <L12 3-29 125-130 265°3 831 
141-5 (£13 5-28 Residue 285-5 124-9 ° 
203-0 (L 21 6-06 120-135 281-8 119-9 
155 | L2 20-51 142-155 290-7 143-2 4122 481 135-144 2903 142-5 
215-0 (L 23 5-18 Residue 294-8 168-6 
231-7 (£31 5-94 130-152 303-2 164-9 
L3 22-19 155-165 305-2 184-5 < £32 6-05 152-157 315-2 182-2 
(L 33 5:87 Residue 324:8 202-0 
L4 15-50 165-175 333-2 208-5 
Lb 15-00 Residue 396-8* 201-7 


* Saponification equivalent of residual esters, freed from unsaponifiable material, L 5: 334-8. 


Table IX c. Determination of saturated components of ester fractions by oxidation. 


Saturated esters present 


Weight taken eee 

No. g. g. Sap. eq. 
S2 7-21 5-53 262-8 
S3 6-90 3°32 273-6 


Table [IX d. Estimated composition of fatty acids. 


“Solid” “Liquid” Fatty acids 
acids S acids L (mean unsat- 
Acids (38-9 %) (61-1 %) Total % % uration) 
Saturated: 
Myristic 3-6 1-0 4-6 4-5 
Palmitic 10-8 1-2 12-0 12 
. Stearic 0:7 — 0-7 0-5 
Unsaturated: ‘ 
Cy, group 0-9 10-6 11-5 12 (-—2-0 H) 
1g 9 8-1 18-3 26-4 27 (-3-0 H) 
re 9-7 19-6 29-3 30 (-4-1 H) 
ae 5-1 8-8 13-9 14 ( -5-4 H) 
Unsaponifiable — 1-6 1-6 -_ 
HakeE-.iver o1t IIT. 
Table X a. Lead salt separation. 
I.V. (of corre- 
sponding methyl 
g- % Sap. eq. esters) 
“Solid” acids S 53-0 28-8 287-2 42-5 


“Liquid” acids L 131-4 71-2 310-5 146-5 
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Table X b. Fractionation of methyl esters. 
(i) Esters of ‘“‘solid” acids S. 


Primary fractions 





No. g. 

Sl 5-82 
S2 8-57 
S3 11-82 
S4 12-75 
S5 4-95 


Primary fractions 














B.P./1 mm. Sap. eq. LV. 
100-130° 255-5 9-7 
130-133 264-2 11-6 
133-155 278-5 22:1 
155-175 310-9 66-4 
Residue 338-5 88-3 
(ii) Esters of “liquid” acids L. 
Refractionations 
g. B.P./1 mm. Sap. eq. kW No. g. B.P./1 mm. Sap. eq. LY. 
(Lil 6-18 80-115° 255-0 45-9 
23-36 100-150° 273-0 86-8 < £12 5°88 115-121 267-0 79 
L113 7-42 Residue 292-7 126-7 
17-54 150-160 291-0 128-0 
(L 31 11-29 110-150 297-5 142-6 
37-24 160-170 312-7 159-3 < £32 12-04 150-160 303-8 158-2 
| L 33 9-49 Residue 332-7 168-1 
. - ” 29x . £41 6-61 140-156 322-9 172-1 
1). 2 O5- 
2015 = 110-180 —s 6 L42 915 Residue 340-0 1841 
16-30 Residue 385-0* 169-1 


* Saponification equivalent of residual esters, freed from unsaponifiable material, Z 5: 341-6. 


Table X c. Determination of saturated components of ester fractions by oxidation. 


Weight taken 


Table X d. 


Acids 
Saturated: 
Myristic 
Palmitic 
Stearic 
Unsaturated: 
Cy, group 


18 ” 

20 EE 

aa 
Unsaponifiable 


g. g. 
4-04 3-10 
6-02 4-01 

13-14 1-20 


“Liquid” 


acids S acids L 


(28-8 %) (71-2 %) Total 
2-9 2-6 5-5 
9-4 1-6 11-0 
0-5 — 0-5 
1-7 6:3 8-0 
6-3 27-1 33-4 
6-0 18-4 24-4 
2-0 14-0 16-0 
o— 1-2 1-2 


Saturated esters present 
ee 


Sap. eq. 
262-1 
272-4 
262-2 


Estimated composition of fatty acids. 
“Solid” 


Fatty acids % 


8 
34 
25 


16 


Peo 
or 


or 


The highly unsaturated esters of the C.) and C,, groups showed considerable 
tendency to polymerise during distillation in the case of all three hake-liver 
oils, and the mean unsaturation of the corresponding fatty acids is. probably 
somewhat greater than that suggested in the analysis of hake-liver oil II. The 
other acids present were similar in type to those of the cod- and saith-liver 
oils, and the proportions of all the acids were for the most part of the same 


order as those in the last-mentioned liver oils. 








LY; 
459 
77-9 
126-7 


142-6 
158-2 
168°] 
172-1 
184-1 





L3 


L4 
Lib 
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LING-LIVER OIL: 


Table XI a. Lead salt separation. 


I.V. (of corre- 


sponding methyl 
g. % esters) 
“Solid” acids S 41-5 22-5 27-3 
“Liquid” acids L 142-5 77-5 164-6 


Table XI 6. Fractionation of methyl esters. 
(i) Esters of “solid” acids S. 


Primary fractions 








a an 2 ae eT ETE, 

No. g. B.P./1 mm. Sap. eq. BY. 

S1 24-21 107-123° 262-1 7-9 

S2 8-60 123-142 280-5 32-2 

S3 8-61 Residue 317-1 84-8 

(ii) Esters of “liquid” acids L. 
Primary fractions Refractionations 
=D J A 
g- B.P./1 mm. Sap. eq. LV. No. g. B.P./1 mm. Sap. eq. EY. 
(£11 5-29 100-124° 256-1 58-0 
29-51 113-139° 266-2 90-6 < L12 10-27 124-125 268-1 32-5 
(ZL 13 10-50 Residue 288-5 118-9 
(£21 5-62 126-139 278-3 106-2 
47-70 139-153 291-5 131-3 < £22 31-05 139-140 292-5 124-8 
LL 23 6-48 Residue 312-0 196-4 
(L 31 5-05 140-155 299-0 154-8 
44-72 153-175 315-4 210-7 < £32 22-12 155-160 315-9 198-2 
(L 33 14-22 Residue 335-7 249-8 
5-83 175-182 337-0 254-6 
11-64 Residue 403-4* 225-2 


Table XI c. Determination of saturated components of ester fractions by oxidation. 


Saturated esters present 


Weight taken | 
No. g. g. Sap. eq. 
Sl 19-73 18-03 260-9 
S2 5-05 3-46 271-9 
S3 3-01 0-70 283-2 


Table XI d. Estimated composition of fatty acids. 


“Solid” “Liquid” Fatty acids 
acids S acids L (mean unsat- 
Acids 22-5 %) (77-5 %) Total % % uration) 
Saturated: 
Myristic 3°6 1-2 4-8 5 
Palmitic 11-9 0-9 12-8 13 
Stearic 0-8 -- 0-8 1 
Unsaturated : 
C,, group -— 0-2 0-2 Trace 
a 0-8 11:8 12-6 13 (-2-0 H) 
Cig» 1-5 30-9 32-4 32-5 (-2-8 H) 
oe! 31 20-6 23-7 24 (-5°7 H) 
0-8 10-8 11-6 11-5 (-7-0 H) 


‘22 ” 


Unsaponifiable _— 1-1 1-1 _— 








No. 


D1 


L2 


L3 
L4 
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The ling-liver fatty acids, like those from hake, bear a general similarity 
to those of cod-liver oil. Palmitoleic is substantially the only unsaturated C,, 
acid present, whilst the C,, acids are a mixture of about 60 % oleic and 40 % 
linoleic acid; little polymerisation, as evidenced by falling iodine values, took 
place during distillation of the ling unsaturated esters and the figures given 
for the average unsaturation of the C,) and C., groups are probably fairly 
accurate in this instance. Some monoethylenic C,,) acid was present, but only 
very small quantities of the corresponding Cy, acid. 


SKATE-LIVER OIL. 
Table XII a. Lead salt separation. 


L.V. (of corre- 
sponding methyl 


g. % esters) 
“Solid” acids S 38-5 21-9 20-9 
“Liquid” acids L 137-0 78-1 249-4 


Table XII 6. Fractionation of methyl esters. 
(i) Esters of “‘solid” acids S. 


Primary fractions 





f 


No. g. B.P./1 mm. Sap. eq. iy. 
81 30-47 110-133° 268-1 7-5 
S2 6-55 Residue 321-2 80-6 





(Fraction S 1 (25-72 g.) gave 24-79 g. of saturated esters (sap. eq. 263-8) on oxidation.) 


(ii) Esters of “liquid” acids L. 








Primary fractions Refractionations 
c ai = c en —— 
g. B.P./1 mm. Sap. eq. Ly. No. g. B.P./1 mm. Sap. eq. LV, 
(£11 4-71 103-124° 265-5 83-0 
2 ag ‘ 20 26 } £212 24-11 124-134 280-5 120-6 
of as 283-4 ‘ 
46-98 130-160 283-9 not done L138 8-68 134-136 3033 186-7 
|Z 14 5-87 Residue 323-2 265-9 
(£21 7-65 130-155 296-6 203-0 
46-30 160-190 329-0 ss < £22 29-29 155-162 312-6 272:7 
|Z 23 6-43 Residue 336-0 308-0 
(£31 5-14 145-175 325°7 307-0 
31-11 190-196 333-4 99 < L 32 14-05 175-178 335-4 335-4 
| L 33 7-65 Residue 341-7 339-9 
10-60 Residue 347-8* aa 


* Saponification equivalent of residual esters, freed from unsaponifiable material, Z 4: 331-6. 


Table XII c. Estimated composition of fatty acids. 


“Solid” “Liquid” Fatty acids 
' acids S acids L (mean unsat- 
Acids (21-9 %) (78+1 %) Total % x uration) 

Saturated: 

Myristic 3-5 0-2 3-7 4 

Palmitic 13-8 -— 13-8 14 
Unsaturated: 

Cy, group — Trace Trace Trace 

is ap oo 10-5 10-5 10-5 (-—2-0 H) 

a. « 1-0 19-7 20-7 20-5 (-3-3H) 

<i 36 29-0 32-6 325 (-7-3H) 3 

Se: an on 18-4 18-4 185  (-95H) 


Unsaponifiable — 0-3 0-3 _— a 
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: The skate-liver fatty acids stand out in the present series by reason of the 
5 high average unsaturation of the Cy. and C,») groups, and equally by the absence 
of polymerisation during distillation of the corresponding esters. The oil also 
contains somewhat more of the C,, acids than the previous cases, and cetoleic 
acid is apparently absent; gadoleic acid is present, the C,, unsaturated acids 
are made up of about one-third oleic and two-thirds linoleic acid, and palmit- 
oleic acid is substantially the only C,, unsaturated acid present. 


DOGFISH-LIVER OIL. 


Table XIII a. Lead salt separation. 


g. % Sap. eq. EN: 
“Solid” acids 8 110-0 33-2 286-2 56-0 
“Liquid” acids L 221-0 66-8 361-0 139-0 


Table XIII b. Fractionation of methyl esters. 











Primary fractions Refractionations 
, co a = roe : 
No. g. B.P./1 mm. Sap. eq. LV. No. g. B.P./1 mm. Sap. eq. SV: 
(i) Esters of “solid” acids S. 
81 13-46 115-134° 252-5 11-3 
(S21 8-04 115-134° 260-7 8-6 
82 21-27 134-144 270-2 16-1 S 22 4-18 134 262-7 11-6 
S 23 6-38 Residue 274-2 26-7 
I v 83 13-65 144-154 284-1 32-3 
ra S84 8-88 154-165 299-8 54:5 
aa S51 5-92 154-174 318-7 67-3 
20- Ec wal z et a S52 7-51 174-175 326-4 71-1 
—— > | =| ants me S53 2-21 175 337-3 72-7 
2659 S54 6-65 Residue 340-5 71-1 
203-0 86 3-96 184-187 344-2 74-6 
272-7 87 9-01 Residue 332-3 84-4 
308-0 a ee te 
307-0 (ii) Esters of “liquid” acids L. 
330. (£11 7-09 108-130° 256-9 49-3 
; oe 8 ps L12 6-40 130-138 267-8 68-7 
96-1! ¢ ° 276- . 
‘i 215 (126-158 276-0 al 1713 341 138-140 279-4 81-7 
\L 14 5-91 Residue 296-0 101-3 
(L21 13-94 120-145 285-0 99-7 
9 9. ‘e , aia L 22 6-56 145-155 298-1 117-0 
12 32-60 (154-165 3000 1221 1L23 2-05 155 305-0 123-9 
LL 24 6-53 Residue 313-4 136-6 
§ 3lt 6-52 120-155 288-2 121-5 
9 - ee 2 Z L32  ~=11-20 155-162 304-1 130-0 
k™.99 x € 7 Ko, a Pa 
L3 67-22 165-187 51-4" = 1680 L33 918 165-175 3153-1326 
| L 34 10-50 Residue 338-3 147-4 
LL 41y 3-44 80-145 312-7 93-0 
L4 66-82 Residue 532-5* 138-4 < £42 10-33 145-170 324-5 98-2 
(L 43 16-66 Residue 426-0* 141-2 


‘ io Saponification equivalents of these fractions, freed from unsaponifiable material, Z 3: 319-4; L 4: 381-6; L 43 
75. 

} Unsaponifiable constituents removed as far as possible by ether-extraction of hydrolysed fractions LZ 3 and L 4, 
recovered fatty acids reconverted to methyl esters which were refractionated (Z 31-34 and L 41-43). 
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Table XIII c. Estimated composition of fatty acids. 


“Solid” “Liquid” Fatty acids 
acids S acids L (mean unsat- 
Acids (33-2 %) (66-8 %) Total % % uration) 
Saturated: 
Mpyristic 4-0 1-2 5-2 6 
Palmitic 8-2 1-2 9-4 10-5 
Stearic 2-5 2-5 3 
Arachidic 0-2 0-2 Trace 










Unsaturated 


Ci. group 1:3 6-9 8-2 9 (-2-0 H) 
18» 3-4 18-5 21-9 24-5 (-2-3 H) 
Shs. cis 9-2 16-5 25-7 29 (-3-3 H) 
Cr 5 4-4 6-7 11-1 12 (-4-0 H) 
Coy 5s — 5:3 53 6 (-2-0 H) 
Unsaponifiable - 10-5 10-5 _ 


In some ways the fatty acid composition of this oil is the most interesting 
of the whole series. The oil contained much more unsaponifiable matter than 
the rest, and squalene formed a considerable proportion of the non-fatty 
matter, but the oil was not by any means so rich in this hydrocarbon as many 
shark- and ray-liver oils which have been examined by other workers. Never- 
theless the character of the fatty acids is different from those of the oils pre- 
viously dealt with in this paper, and in many ways (as appears from the 
general summary on p. 288) the acids of this dogfish-liver oil are intermediate 
in type between those of the Gadidae and of the skate-liver oil on the one hand, 
and those of Elasmobranch oils of high squalene content on the other. Palmit- 
oleic acid is less prominent than usual, the average unsaturation of the Cop 
and C,, acids is much lower than usual, and. especially noteworthy is the 
appearance of a small amount of monoethylenic acid, C,,H,,0,. 


SUMMARY. 
Comparison of the fatty acid compositions of various fish oils. 


It may be said at once that no apparent correlation between the vitamin 
potencies of the oils studied and the composition of their fatty acids is revealed 
as a result of the foregoing analyses; the most that can be stated is that, in the 
cases examined, the highest vitamin potency was observed in liver oils from 
the family Gadidae, but this may be a more or less fortuitous observation. 

It is interesting, however, to consider the analyses which have now been 
made, in conjunction with a few other results of a similar nature which are 
already available, when classified from a biological standpoint. This has been 
done in Table XIV: the data for the whale oils (Balaena sp.), menhaden oil 
and Japanese sardine oil are taken from a communication by Armstrong and 
Allan [1924], those for the liver oils of Scymnorhinus and allied genera were 
given by Hilditch and Houlbrooke [1928], those for the head and blubber oils 
of the sperm whale by Hilditch and Lovern [1928], and for sperm-liver oil by 
Tsujimoto and Kimura [1928]. 
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The figures in Table XIV are perhaps chiefly valuable at the moment in 
suggesting the desirability of adding as rapidly as possible to the meagre 
number of quantitative data of the kind which have so far been collected. 
Investigations of this kind are necessarily lengthy and tedious, but the results 
so far obtained indicate the possibility that they may lead to useful correla- 
tions as well as differentiations between the build of the fats occurring in 
different classes of marine animals or, for example, present in different parts 
of the same animal. 

Inspection of Table XIV will show that, leaving apart minor differences in 
the percentages of the fatty acids concerned, the liver oils of the Gadidae and 
the flesh oils of the two members of the herring family stand apart from the 
rest in the approximate constancy of their general composition, the range of 
which is as follows: 


% Mean unsaturation 
Myristic acid 3-5-7 — 
Palmitic acid 6-5-13 os 
Stearic acid nil—1 a 
Myristoleic acid Trace-0-5 (-—2-0 H) 
Palmitoleic acid 13-20 (-2-0to — 3-0 H) 
Oleic and linoleic acids 18-32-5 (-2-8to — 40H) 
*Unsaturated C,, acids 19-31-5 (-4-9 to — 7-3 H) 
*Unsaturated C,, acids 10-19 (-5:4 to —10-0 H) 


The blubber fats of the ordinary whales approach most closely in com- 
position to the foregoing, but on the whole appear to contain greater amounts 
of oleic and linoleic acids, with corresponding reduction in the total propor- 
tions of polyethylenic Cy) and C,, acids, the total percentage of saturated acids 
being little different in either group. The interesting, but only partially 
quantitative, study by Tsujimoto and Kimura [1928] of the fatty acids of the 
liver of the sperm whale suggests that here also the composition is much the 
same as in the body fats of the Balaenidae and Clupeidae and the liver fats 
of the Gadidae, and these authors also state that the fat as obtained contains 
only 16 % of unsaponifiable matter, of which 8 % is cholesterol, higher fatty 
alcohols being probably absent; sperm head- and blubber-oils, on the contrary, 
contain 33-40 % of combined higher fatty alcohols, whilst the fatty acids also 
present are entirely different in character from those of any other marine 
animal [Hilditch and Lovern, 1928]. 

Whilst differences of the latter kind point clearly to synthesis of particular 
varieties of fatty compounds by specific classes of animals, the general simi- 
larity in composition, previously referred to, of the fatty acids of the livers and 

* The relative amounts of monoethylenic acids C,)H,,0, and C,,H,,0, appear to vary somewhat 
widely from one species to another, and it is not certain that all the highly unsaturated acids of these 
groups are the same, even in liver oils of the same species of fish. At all events, it was noticeable 
that in certain cases (for example, Norwegian cod, saith (1), and hake) the esters of these acids 
polymerised exceedingly readily, whilst in others (especially saith (2), ling and skate) there was 
practically no tendency to polymerisation and fall in iodine value. This may be due (cf. p. 270) 
to some accidental catalytic acceleration of the polymerisation process from an unrecognised 
source, or may be an indication of structural differences in the constitution of the polyethylenic 
acids, 
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Table XIV. 


Oil 


Cod-liver (Newfoundland) 
Cod-liver (Scottish) 
Cod-liver (Norwegian) 
Coalfish (saith)-liver I 


” ” I I 
Hake-liver I 

~ IT 

a III 


Ling-liver 


Japanese sardine (whole 
fish) 
Menhaden (whole fish) 


Dogfish-liver 
Mixed liver oils from 


Liver oil of 


Skate-liver 


Whale oil (blubber): 
Arctic 


Newfoundland 
South Sea 

Sperm whale: 
Headt 


Blubber 
Liver 


* 


++ 


lauric acid. 


Saturated acids 


Species Cy Cys Cis Cys Cie 
Sub-division TELEostomt1. Order TELEOSTEI. 
Family GADIDAE. 





Gadus morrhua 6 8-5 05 Trace 20 
” » 3-5 10 — 0-5 15-5 

“ a 5 65 Trace 0-5 16 
G. virens 6-5 13 0-5 14:5 
- 6 12 Trace Trace 9-5 

Merluccius 7 13 — Trace 17 

merluccius 

i 45 12 ~ 

oe 55 0 i 8 

Molva molva 5 13 1 Trace 13 


Family CLUPEIDAE. 


Clupanodon 6 10 2 -—— 13 
melanostica 
Alosa menhaden 6 16 1-5 — 15-5 


Sub-division ELasMoBRANCHII. Order SELACHII. 
Family SQUALIDAE. 


Squalus acanthias 6 10-5 3 —_ 9 
Centrophorus, ] 13 25 Trace 35 
Lepidorhinus, 
etc. sp. 
Family DaLaTIDAE. 
Scymnorhinus 1 14-5 3-5 0-5 4 
lichia 


Family Rasa. 
Raia maculata 4 14 — Trace 10-5 


Division Mammarta. Order CeTacra. 
Family BALAENIDAE. 


Balaena 4 10-5 3°5 — 18 


mysticetus 


or 


10 3 
2 2 


oI 


Balaena 
australis 
Family PHysETERIDAE, 


Physeter 14 8 2 14 15 
macrocephalus 
: 5 ee 26-5 


” 


Practically only monoethylenic acids present. 
Particularly high average unsaturation. 
The head acids also contained 3-5 % capric, 16 % lauric and 4 % lauroleic acids; the blubber acids 


Percentage composition of fatty acids of marine animal oils. 
Unsaturated acids 


Cis 


24-5 
35-5 


29 


20-5 


33 


44 
43 


ag 


37* 


Cy 


26 
315 
30-5 
24-5 
26-5 
31 


30 


25 


24 
26 


19 


29 
16-5* 


6-5* 


19* 


10 
Vt 
10-5 
10 
16-5 
14 


14 
16 
11-5 


19 


12 
16* 


26* 


18-5} 


11 


16 
10-5 


in some cases the body-oils of many marine animals of diverse biological orders 
suggests that fish and marine mammalia may derive a considerable propor- 
tion of their fats by direct assimilation. The polyethylenic acids of the Cyy and 
Cy. series, which at one time were known only as characteristic of fishes and 
marine mammals, have been detected by Tsujimoto [1925] in Algae of different 
kinds in every instance tested, although it is true that the proportion present 
is much lower than in the fish-liver oils which are the subject of this 


paper; furthermore, it is stated by Griin and Halden [1929] that the fat of 





Cx 


6* 


12* 


10* 


(24-6 % saturated) (42% monoethylenic and 23-4 % polyethylenic 


1-2 % of 








brtddd 2 


6* 
12* 


10* 
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birds which feed on fish also contains these highly-unsaturated acids, which 
are not present in the fat of birds whose diet is confined to insects, grain, etc. 
from non-marine sources. The determination of the origin (evidently marine 
in nature) of these unique highly unsaturated fatty acids is thus a problem of 
great interest which remains to be solved. 

Finally, the detailed composition of the fatty acids of the Elasmobranchii 
deserves further attention, in view of the interesting results so far obtained. 

‘ It will be noticed that, in this group, the acids of skate-liver oil alone 
resemble those of the more frequently occurring type (but possess distinctly 
greater average unsaturation and amount of polyethylenic C,) and C,, acids, 
whilst the monoethylenic acids of these series are only present in minimal 
quantities); this skate-liver oil, however, contains, for an Elasmobranch oil, 
a very low proportion of unsaponifiable matter—lower, indeed, than any of 
the Gadidae oils. 

At the other extreme are the fats of Centrophorus, Lepidorhinus and Scym- 
norhinus species, which were the complement of large proportions of unsaponi- 
fiable matter composed mainly of the hydrocarbon squalene; the fatty acids 
from these sources contained no highly unsaturated C,) and C,, derivatives, 
but were mainly ethylenic in character and notable amounts of the mono- 
ethylenic acid containing 24 carbon atoms (selacholeic acid [Tsujimoto 
1927]) were also present. 

The dogfish-liver oil reported upon in this paper was intermediate in 
character between these varieties of Elasmobranch oil: it contained 10-5 % 
of unsaponifiable matter, which consisted partly of liquid hydrocarbons 
(squalene) and partly of solid crystallme compounds (cholesterol?). The fatty 
acids present were also intermediate in composition between those of the two 
extreme types, for selacholeic acid was present in small quantity, whilst the 
mean unsaturation of the Cy) and C,. acids (about — 4-0 H) was higher than 
monoethylenic but less marked than in the cod- and other fish-liver oils which 
were first discussed. 

So far as the present data go, therefore, there is a definite and close relation 
in the Elasmobranch group between the character of the fat present and the 
amount and nature of the unsaponifiable matter. We are not inclined at this 
juncture to do more than point out that our recent results strengthen the 
conclusion of Hilditch and Houlbrooke [1928] that there is some connection 
between the absence of the polyethylenic Cy) and C,. acids so characteristic 
of most animal oils and the presence of large proportions of squalene. We 
believe that at present no suggestion can be usefully offered to explain the 
genesis, much less a hypothetical transmutation into one another, of either 
the polyethylenic acids, of squalene, or of cholesterol or other sterols which are 
frequent components of the non-fatty matter. Bearing in mind what is already 
known of the fundamental differences in chemical structure of these com- 
pounds (the normal aliphatic carbon chain present in the polyethenoid C,) and 
C,. acids; the aliphatic branched chain system of squalene, C39H;9, built up 
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from isoprene units; and the complex condensed ring-systems present in 
cholesterol), it is very difficult to imagine that they are mutually intercon- 
vertible by ordinary biochemical processes. It is perhaps more opportune, for 
the moment, to speculate whether different metabolic processes characteristic 
of specific organisms may not lead, according to circumstances, to the accumu- 
lation of differing kinds of organic compounds and the disappearance of other 
forms which are further utilisable by the organism concerned. 
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In an earlier paper [Herbert and Groen, 1929] it was shown that the dis- 
crepancies between the results of blood-sugar methods were due to non-glucose 
reducing substances present mainly in corpuscles. It appeared that ferric 
hydroxide filtrates and zine hydroxide filtrates contained little or none of the 
non-glucose material, and that therefore the original MacLean method and 
the original Hagedorn-Jensen method gave figures close to the true sugar value. 
The non-sugar material was shown to be present in tungstic acid filtrates, and 
to have a marked effect on all the analytical methods applied to tungstic acid 
filtrates except that of Benedict [1928]; the Hagedorn-Jensen method, applied 
to tungstic acid filtrates, was affected most of all. It was suggested that the 
principal non-glucose substance responsible was glutathione. 

In the present investigation the effect of pure reduced glutathione on blood- 
sugar methods has been studied. The work falls into two sections; (1) a study 
of the effect of glutathione on the analytical methods, when no treatment 
corresponding to protein precipitation is used, and (2) a study of the behaviour 
of glutathione in various methods of protein precipitation, using mixtures of 
plasma and glutathione. | 

Two different samples of glutathione were employed, both of which were 
received from Sir Frederick Hopkins’s laboratories. The first, received in 
December 1928, was a deliquescent substance, the solutions of which had a 
smell resembling that of mint. The second sample was received in July 1929, 
and consisted of the pure tripeptide of glycine, glutamic acid, and cysteine, 
prepared by Hopkins’s new method [1929]. 

The following blood-sugar methods have been used. 

(1) The Folin-Wu method [1920]. 

2) The Shaffer-Hartmann method as modified by Somogyi [1926]. 
3) The Hagedorn-Jensen method [1923]. 
4) The Benedict method [1928]. 


(2 
( 
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THE EFFECT OF PURE REDUCED GLUTATHIONE ON THE FERRICYANIDE 
REAGENT AND THE VARIOUS COPPER REAGENTS. 

In this section of the work no treatment corresponding to protein pre- 
cipitation was used; aqueous solutions containing glucose and glutathione 
were analysed by the various methods. For each method the quantities of 
glucose and glutathione taken were those which might be expected to be 
present when blood is analysed, assuming for the moment that all the blood- 
glutathione reaches the filtrate, and remembering that the amount of filtrate 
taken corresponds to 0-5 cc. blood in the Shaffer-Hartmann method, 0-2 ce. 
blood in the Folin-Wu and Benedict methods, and 0-1 cc. in the Hagedorn- 
Jensen method. In these analyses the amount of glucose was that correspond- 
ing to a blood-sugar of 100 mg. per 100 cc., and the amounts of glutathione 


> expressed 





» mg. per 100 cc. 


Reduction due to glutathio 
as glucose 


BENEDICT. No REDUCTION 





10 20 3 40 50 60 70 80 90 100 110 120 130 140 150 
Glutathione, mg. per 100 ce. 
Fig. 1. 


those corresponding to 36 to 150 mg. glutathione per 100 cc. blood. In 
this way, the effect of the glutathione was determined as an increment above 
the true sugar, and the conditions were comparable with those obtaining in 
blood analyses, except for the omission of the protein-precipitation methods. 
The volume of solution was in each method the same as in blood analyses. 
Results are given in Tables I and II. Fig. 1 gives the results in Table IT in 
graphic form. We have tabulated only our results with the pure tripeptide, 
in the presence of an amount of glucose corresponding to a blood-sugar figure 
of 100 mg. per 100 cc. The earlier sample of glutathione gave similar figures. 

In other experiments the amount of glucose varied from 50 to 100 mg. 
per 100 cc., and the glucose equivalent of glutathione was the same. In the 
complete absence of glucose, however, the reduction due to glutathione was 
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not in all methods the same as in the presence of glucose; this will be discussed 
separately for each method. 

No special precautions were taken to prevent oxidation of the solutions by 
air, but in spite of this the results were, upon the whole, constant. 


Table I. Reducing action of glutathione in the presence of glucose. 
No treatment corresponding to protein precipitation. 


Reduction due to glutathione 
expressed as 


Glutathione ec. N/200 
Method taken, mg. thiosulphate Glucose mg. 
Hagedorn-Jensen 0-06 0-190 0-033 
0-09 0-290 0-051 
0-12 0-375 0-066 
0-15 0-475 0-084 
Shaffer-Hartmann 0-18 0-55 0-065 
0-30 1-05 0-115 
0-45 1-55 0-175 
0-60 2-10 0-235 
Folin-Wu 0-12 -- 0-026 
0-18 ~ 0-036 
0-30 - 0-060 
0-48 — 0-090 


Table II. Glucose equivalents of various concentrations of glutathione 
(determined in the presence of glucose). 


Glucose equivalent of glutathione, mg. per 100 cc. 





o oo 
Glutathione, Hagedorn- Shaffer- Benedict 
mg. per 100 ce. Jensen Hartmann Folin-Wu [1928] 
36 — 13 — -- 
60 33 23 13 0 
90 51 35 18 0 
120 66 47 — 0 
150 84 — 30 0 
240 — — 45 — 


The Hagedorn-Jensen method. 


In the presence of glucose, the ratio of the amount of glutathione present 
to its glucose equivalent is 100 : 56, and this ratio is constant for the range 
covered by the analyses. (Tables I and II.) 

In the absence of glucose, the glucose equivalent of glutathione is a little 
higher, viz.: 

0-050 mg. G. SH = 0-039 mg. glucose, 
0-100 mg. G. SH = 0-070 mg. glucose. 


The relation of glutathione to thiosulphate (determined in the presence of 
glucose) is 0-1 mg. G. SH = 0-32 cc. N/200 thiosulphate. This is greater than 
the theoretical quantity required solely for the oxidation of the sulphydryl 
group. On the basis of the tripeptide formula, in the oxidation of the —SH 
to the —SS— form, one molecule of glutathione (M.w. 307) corresponds to 
one atom of hydrogen, i.e. 0-1 mg. G. SH corresponds to 0-065 cc. N/200 thio- 
sulphate. Therefore there must be some change other than the oxidation of 
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glutathione from the —SH to the —SS— form; this would be expected when 
such an unstable compound is boiled in alkaline solution in the presence of an 
oxidising agent. 

Glutathione has some reducing action on the Hagedorn-Jensen reagents at 
room temperature. If glutathione is added to the ferricyanide, and the iodide- 
zinc-sulphate-chloride solution and acetic acid are added at once, a variable 
reduction occurs, which is less than that observed when glutathione is heated 
with the ferricyanide, but greater than that theoretically. required for the 
change from the —SH to the —SS— form. On the other hand, if the three 
reagents are mixed and the glutathione is added to the acid mixture, the re- 
duction approaches the theoretical figure for the oxidation of the sulphydryl 
group. 


Shaffer-Hartmann (Somogyi) method. 


In the presence of glucose the ratio of glutathione to its glucose equivalent 
is 100: 39, and this ratio is constant for the range covered by the analyses 
(Tables I and I). 

In comparing the effects produced by glutathione in the presence and in 
the absence of glucose, it is necessary to consider a peculiarity in Somogyi’s 
table representing the relation of glucose to thiosulphate for this method 
[Somogyi, 1926]. In this table, whereas throughout the major part of the range 
the relation of glucose to thiosulphate is constant (1 cc. N/200 thiosulphate is 
equivalent to 0-110 mg. glucose), in the lowest region of the table this relation 
does not hold, and 1 cc. N/200 thiosulphate is equivalent to 0-205 mg. glucose. 
When the reducing action of glutathione is determined in the presence of 
glucose, the glucose value corresponding to the glutathione is read as an in- 
crement in the upper part of the table; when the glutathione is analysed alone 
the lowest part of the table is used. It is found that the reduction attributed 
to glutathione, when expressed as glucose, remains almost the same in the 
absence as in the presence of glucose, although the thiosulphate corresponding 
to the glutathione is not the same, viz. : 

in the presence of glucose 

0-5 mg. G. SH = 1-75 cc. N/200 = 0-195 mg. glucose; 
in the absence of glucose 

0-5 mg. G. SH = 0-85 cc. N/200 = 0-185 mg. glucose. 


For our purpose it is most convenient to assume, as we have done in cal- 
culating these figures, that in the mixture the reduction value of glucose remains 
the same, and the reduction value of glutathione is increased; but the actual 
mechanism of the reduction is unknown. When, in the Shaffer-Hartmann 
method, all the reduction values are expressed as glucose, the effect is obscured. 

The relation of glutathione to thiosulphate (determined in the presence of 
glucose) is very similar in the Shaffer-Hartmann and Hagedorn-Jensen methods; 
viz. in the Shaffer-Hartmann method, 0-60 mg.G. SH is equivalent to 2-10 cc. 
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N/200 thiosulphate, and in the Hagedorn-Jensen method, 0-06 mg. G. SH is 
equivalent to 0-19 cc. N/200 thiosulphate. 

Glutathione reduces the reagent at room temperature. To determine this 
reduction the glutathione and the copper reagent were mixed at room tem- 
perature, acidified at once and allowed to stand for 2 to 5 minutes; the mixture 
was then titrated in the usual way, when it was found that: 


0-50 mg. G. SH = 0-36 cc. N/200 thiosulphate, 
1-00 mg. G. SH = 0-76 ce. N/200 thiosulphate. 
The requirement for the change from the —SH to the —SS— form is 
1 mg. G. SH = 0-65 cc. N/200 thiosulphate. The oxidation of the sulphydryl 
group by iodine may therefore account for the reaction which occurs at room 
temperature, but there must be an additional reaction when the glutathione 
is heated with the copper reagent, as in the orthodox method of estimation. 


The Folin-Wu method. 


In the presence of glucose the ratio of glutathione to its glucose equivalent 
is 100: 20, and this relation is constant for the range covered by the analyses 
(Tables I and II). The effect in the absence of glucose is the same (in this case 
the glucose standard is necessarily more dilute than for determinations in the 
presence of glucose). The presence of glutathione or of its oxidation products 
does not seem to cause any alteration in the blue colour, or to cause it to fade. 
The colours were matched as quickly as possible after dilution. 

At room temperature glutathione reduces the copper reagent, as was 
previously noted by Herbert and Groen [1929]. This reduction in the cold is 
much less than that which occurs when glutathione is heated with the copper 
reagent. 


The Benedict [1928] method. 


In the presence of glucose, glutathione produces no measurable effect. In 
the absence of glucose, a very slight reduction of the reagent occurs (as in- 
dicated by the colour developed on addition of the phosphomolybdate), but 
with the amounts of glutathione handled, this was too small to be estimated. 

The boiling-time was in all cases 10 minutes. There was a tendency for the 
colour to fade more rapidly in the glutathione mixtures than in the standard 
glucose solution, but no fading was observed within 10 minutes after dilution, 
during which time the readings were completed. 

The results obtained with aqueous solutions show that the glucose equi- 
valents of glutathione are in the approximate ratio 3 : 2: 1: 0 in the Hagedorn- 
Jensen, Shaffer-Hartmann, Folin-Wu, and Benedict methods respectively. 
Therefore when any blood filtrate which contains glutathione is analysed by 
these methods these effects will be observed. In considering actual blood 
analyses it is essential to know how the glutathione behaves at the stage of 
protein precipitation; this question will next be considered. 

19—2 
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THE BEHAVIOUR OF PURE REDUCED GLUTATHIONE IN THE VARIOUS 
METHODS OF PROTEIN PRECIPITATION. 


Mixtures of plasma and glutathione were submitted to the various pro- 
cesses for protein precipitation, and the filtrates were analysed by the different 
methods?. Since plasma contains no glutathione, the total quantity of gluta- 
thione in the mixture was known, and the results can legitimately be compared 
with those obtained with simple solutions (Table II and Fig. 1). 

Tungstic acid filtrates. For all four methods the analysis of tungstic acid 
filtrates from mixtures of plasma and glutathione gave the same results as 
had been obtained on the corresponding aqueous solutions (glucose and gluta- 
thione). Table II and Fig. 1 may be applied to tungstic acid filtrates. We 
therefore conclude that the whole of the glutathione passes into the tungstic 
acid filtrates. As would be expected, the filtrates show a strongly positive 
nitroprusside reaction. 

Zinc hydroxide filtrates. Two methods of preparing zinc hydroxide filtrates 
were employed: (1) the technique described by Hagedorn and Jensen for use 
with their ferricyanide method [1923], and (2) the technique of Somogyi 
[1929, 1, 2] which may be used in association with various analytical methods. 

In the Hagedorn-Jensen precipitation method the blood is diluted 1 in 61 
and is heated with the zinc hydroxide in a boiling water-bath before filtration ; 
the relative quantities of zinc sulphate and sodium hydroxide are such that 
the filtrates are slightly acid (py 6-8). In Somogyi’s precipitation technique 
the blood is laked in a solution of zinc sulphate and sulphuric acid, sodium 
hydroxide is added, and the mixture is filtered; the whole process is carried 
out at room temperature; the dilution of the blood is 1 in 10; and there is a 
slight excess of sodium hydroxide, so that the filtrate is slightly alkaline 
(py 7-4). Mixtures of plasma and glutathione have been submitted to both 
these processes, and the filtrates analysed by the ferricyanide method. 

When the Hagedorn-Jensen precipitation technique was followed, the 
added glutathione caused a slight increment above the plasma-sugar figure, 
though this effect was much less than that observed with the tungstic acid 
precipitation. The figures obtained were: 

60 mg. glutathione per 100 cc. = 10 mg. glucose per 100 cc. 
90 ,, > , 100 ,, =19,, ae 
120 ,, » 100 ,, =33 ,, oes 

Evidently a small proportion of the added glutathione passed into these 
filtrates. With the larger quantities of glutathione, the filtrates showed a 
faintly positive nitroprusside reaction. 


1 In using the ferricyanide method for filtrates other than the original zinc filtrates of Hage- 
dorn and Jensen, we took an amount of filtrate corresponding to 0-1 cc. plasma, and diluted this 
to 12 cé. before heating with the alkaline ferricyanide. The conditions were therefore strictly 
comparable with those obtaining in the original method, in which the total amount of filtrate 
corresponds to 0-1 cc. of blood or plasma, and the volume of filtrate and washings is approximately 
12 ce. 
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When Somogyi’s precipitation method was used the added glutathione 
caused no increment above the plasma-sugar figure, and the filtrate showed no 
nitroprusside reaction. Therefore no —, passes into filtrates made by 
Somogyi’s technique. 

It was found that the difference in the behaviour of glutathione in the two 
methods of zinc hydroxide precipitation was due to the difference in reaction 
of the protein precipitation mixtures. If the amount of alkali in the Hagedorn- 
Jensen technique was increased (keeping other conditions the same) so that 
a slightly alkaline filtrate was obtained, no glutathione passed into the filtrate, 
as indicated by the figures given on analysis by the ferricyanide method. On 
the other hand, if the amount of alkali in Somogyi’s technique was diminished, 
so as to produce a neutral filtrate, a part of the glutathione passed into the 
filtrate, as indicated by the effect on the ferricyanide reagent, and by the fact 
that a positive nitroprusside reaction was obtained. 

From the above observations we can predict the effect which would be 
produced by a given amount of glutathione in blood when various analytical 
methods are applied to the various blood-filtrates. It is known that reduced 
glutathione is present in blood, and occurs only in the corpuscles [Hunter and 
Eagles, 1927; Holden, 1925; Thomson and Voegtlin, 1926; Uyei, 1926; Hopkins, 
1929]. The exact quantity in human blood is not known; the figure given by 
Hunter and Eagles—40 to 50 mg. per 100 cc. whole blood—is based on the 
intensity of the nitroprusside reaction in tungstic acid filtrates, and may be 
taken as approximately correct if it may be assumed that glutathione is the 
only sulphydryl compound of which any appreciable amount is present in 
blood. 

If there are 50 mg. reduced glutathione per 100 cc. of whole blood, and if 
this is the only non-glucose substance capable of producing an appreciable 
effect on blood-sugar methods, we should expect the following results when the 
various methods are applied to whole blood: on tungstic acid filtrates, the 
Hagedorn-Jensen figure would be higher than the true sugar value by 28 mg. 
per 100 cc.; the Shaffer-Hartmann figure would be too high by 19 mg. per 
100 ec. ; the Folin-Wu figure too high by 10 mg. per 100 cc. The inant 
method alone would give a true sugar figure for tungstic acid filtrates. All 
four analytical methods applied to the zinc hydroxide filtrates made by 
Somogyi’s technique would give true sugar values. The original Hagedorn- 
Jensen method (i.e. the Hagedorn-Jensen precipitation technique together 
with the ferricyanide method of analysis) would give slightly high figures 
(about 9 mg. per 100 cc. above the true sugar value). 

The comparison between these predicted effects and the results observed 
in blood analyses is given in the following paper. 
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SUMMARY. 


The effect of aqueous solutions of reduced glutathione upon the various 
oxidising reagents employed in blood-sugar methods has been determined. 
The greatest effect (expressed in terms of glucose) is produced in the ferri- 
cyanide reduction; next in order come the Shaffer-Hartmann (Somogyi) copper 
reduction, and the Folin-Wu copper reduction. The copper reagent of Benedict 
is unaffected by glutathione. 

In the tungstic acid precipitation, applied to mixtures of plasma and 
glutathione, all the added glutathione passes into the filtrates. In Somogyi’s 
zinc hydroxide precipitation no glutathione passes into the filtrates. The zinc 
hydroxide precipitation of Hagedorn and Jensen allows a portion of the added 
glutathione to pass into the filtrates. 

The blood-sugar determinations will be unaffected by glutathione (1) when 
any analytical method is applied to a filtrate containing no glutathione (e.g. 
Somogyi’s zinc filtrate), or (2) when the analytical method employed is un- 
affected by glutathione, whatever the protein precipitation method (e.g. 
Benedict’s method applied to any blood filtrate). 


We wish to express our thanks to Sir Frederick Hopkins and to Mr Meldrum 
for the samples of glutathione. 
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In the preceding paper the behaviour of pure reduced glutathione in the various 
blood-sugar methods was described. In the present paper the effects produced 
by the non-sugar reducing substances of blood are determined, and are com- 
pared with those obtained with pure glutathione. 


EXPERIMENTAL. 


Freshly drawn, oxalated, venous blood of normal adults was used, and to 
each sample three methods of protein precipitation were applied. These were: 
(1) the Folin-Wu tungstic acid precipitation, which allows glutathione to pass 
into the filtrate, (2) the zinc hydroxide precipitation of Somogyi [1929, 1] in 
which the glutathione is removed, and (3) a new technique for preparing a 
glutathione-free filtrate with tungstic acid. Each of the three filtrates was 
analysed by the following methods: Hagedorn-Jensen [1923], Shaffer-Hart- 
mann [Somogyi, 1926], Folin-Wu [1920] and Benedict [1928]. In all precipi- 
tation methods the dilution of the blood was 1 in 10, so that for the Shaffer- 
Hartmann, Folin-Wu, and Benedict methods the volumes of filtrate described 
in the original methods were taken. In the ferricyanide method | cc. filtrate 
was used, and the volume was made up to about 12 cc. with distilled water 
before addition of the ferricyanide. This procedure is exactly comparable with 
the original Hagedorn-Jensen method, in which 0-1 ce. of blood is taken, and 
the volume of the filtrate from this, together with the washings, is about 12 cc. 

All filtrates were neutralised (to phenolphthalein) before use; the volume 
of alkali added was negligible in relation to the total volume. In the case of 
the zinc hydroxide filtrates the addition of the alkali caused a further precipi- 
tation of zinc hydroxide, which was removed by re-filtering. 

In the colorimetric methods readings were taken within 10 to 15 minutes 
after dilution of the coloured solution, and no fading of the colour took place 
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in this time. Everett [1929] has suggested that such fading may cause an error 
in the Benedict method. 

Folin-Wu filtrates were made in the usual way [Folin and Wu, 1919]. They 
invariably gave a positive nitroprusside reaction. 

Zinc hydroxide filtrates were made as described by Somogyi [1929, 1]. In 
every case we found the nitroprusside reaction negative. Therefore these 
filtrates contain no appreciable amount of reduced glutathione. 

On the basis of our experience with glutathione solutions we may say that 
a negative nitroprusside reaction indicates that the concentration of gluta- 
thione, if any, is less than 0-3 mg. per 100 ce. filtrate. Such small amounts 
produce no measurable effect on the analytical methods. 

A preliminary comparison was made between the Somogyi zinc precipi- 
tation method and the Hagedorn-Jensen zinc precipitation method, using the 
ferricyanide method of analysis. In every case the Hagedorn-Jensen pre- 
cipitation technique gave a higher figure than. the Somogyi precipitation 
technique. The difference was 1 to 10 mg. per 100 cc. (average 4 mg. per 100 cc.) 
and was therefore scarcely outside the limits of experimental error, but, since 
the Hagedorn-Jensen filtrate gave always the higher figures, the difference is 
probably significant. On the basis of the work with pure glutathione, it was 
predicted that the Hagedorn-Jensen filtrate would give figures higher than the 
Somogyi filtrate by 9 mg. per 100 cc. The difference between the observed and 
expected results is small. 

The zinc hydroxide filtrates in the experiments in Table I were all made by 
the Somogyi technique. 

Modified tungstic acid filtrates. Glutathione is present only in the corpuscles, 
and therefore presumably exists in a non-diffusible form. It is possible to 
prepare a filtrate free from glutathione if the corpuscles are preserved intact 
during the precipitation process. The Folin-Wu tungstic acid procedure has 
been modified by delivering the blood sample into an isotonic salt solution 
instead of laking it in distilled water, and adding a quantity of tungstate and 
acid sufficient to precipitate the plasma proteins. The procedure is as follows. 

1 ce. blood is mixed with 8 cc. 3 % sodium sulphate (Na,SO,, 10H,O) and 
0-5 cc. 10 % sodium tungstate (Na,WO,, 2H,O), and 0-5 cc. 2/3 N sulphuric 
acid is added. The mixture is centrifuged or filtered; in either case the intact 
corpuscles are removed mechanically, being thrown down by the centrifuge, 
or, in the case of filtration, caught up in the precipitated plasma-proteins. For 
this reason less tungstic acid is required than in the ordinary Folin-Wu pre- 
cipitation. The precipitate remains bright red, and microscopically the 
corpuscles are seen to be intact. The nitroprusside reaction of the filtrate is 
negative; therefore the filtrate contains no reduced glutathione. 

Separation of the filtrate should be accomplished without undue delay 
(e.g. within 30 minutes of the addition of the tungstate and acid). The py of 
this “sulphate-tungstic”’ filtrate is approximately the same as that of the 
Folin-Wu filtrate. 





ry ry Sot ESE nr ee 





Serene ere ames 
teil FEE EE 








NON-SUGAR REDUCING SUBSTANCES OF BLOOD 301 


If the tungstic acid is in excess of the amounts specified, it is only possible 
to obtain a glutathione-free filtrate if the preparation of the filtrate is com- 
pleted within 4 minutes of making the mixture. After this time, the tungstic 
acid begins to attack the corpuscles with liberation of glutathione, as is shown 
by the gradual and parallel development of the following changes: the colour 
of the protein precipitate changes, as a result of the formation of acid haematin; 
microscopically, “ghosts” of corpuscles appear in the mixture; the filtrate 
gives a positive nitroprusside reaction of increasing intensity ; and the apparent 
“sugar’’ figure of the filtrate, analysed by the ferricyanide method, rises. 

Sodium sulphate is chosen for the isotonic solution because it does not 
interfere with the blue colour in the Folin- Wu and Benedict methods. Chloride 
causes a rapid fading of this colour; this has also been noted by Everett, 
Shoemaker, and Sheppard [1927]. 

In the above technique the glutathione is retained in the corpuscles. The 
glucose, on the other hand, diffuses freely throughout the precipitation mixture, 
as will be shown in considering the analytical results. 


Note on a colour reaction of unknown origin. 


While working out the new technique we observed a curious colour re- 
action. When blood was mixed with isotonic sodium chloride solution, an 
excess of tungstic acid added, the mixture centrifuged, and the supernatant 
fluid poured through a filter, the filter paper gradually developed a blue colour. 
This colour faded in the dark and reappeared on exposure of the paper to 
light; it was marked when 1 cc. 10% sodium tungstate and 1 cc. 2/3 N 
sulphuric acid were used for 1 cc. blood, and very faint when the proportions 
were 0-5 cc. of each reagent for 1 cc. blood. We have not investigated the cause 
of this colour, but it is of interest that a similar colour appeared on the paper 
through which mixtures of yeast and tungstic acid were filtered. We never 
observed this colour when mixtures of yeast with blood or plasma were pre- 
cipitated by tungstic acid; nor was it ever seen with the ordinary Folin-Wu 
precipitation of blood. | 

RESULTS. 

The results of twelve experiments on six normal subjects are given in 
Table I. The salient points are as follows. 

On zinc hydroxide filtrates (Somogyi’s technique) all methods agree fairly 
well; the maximum variation is 9 mg. per 100 cc. There is a tendency for the 
two titration methods to give slightly higher figures than the colorimetric 
methods. On an average the Hagedorn-Jensen figure is 4 mg., the Shaffer- 
Hartmann, 5 mg., the Folin-Wu, 2 mg. per 100 cc. higher than the Benedict 
figure. The differences are small and it is impossible to say whether they are 
due to technical causes or to the presence in the zinc filtrates of traces of inter- 
fering substances. Somogyi [1929, 2] has applied various methods to zinc 
hydroxide filtrates and found that they agree within the limits of experimental 
error. 
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Table I. 


Reducing substance expressed as mg. glucose 


— 


Folin-Wu 
filtrate 
(a) 
105 

90 
84 
74 
175 
165 
156 
146 
120 
109 
97 
89 


117 
109 
99 
80 


119 
113 
104 

89 


112 
109 
100 

83 
119 
113 

99 


97 
85 
84 


166 
152 
153 
129 
133 
120 
112 

96 
118 
102 
100 


per 100 cc. blood 
A — 


Sulphate- Somogyi’s 


tungstic zinc 
filtrate hydroxide 
(5) filtrate 
76 76 
73 67 
72 — 
72 — 
151 151 
145 144 
142 -_- 
150 — 
90 95 
92 90 
87 -- 
83 = 
62 60 
63 61 
63 58 
57 57 
92 86 
92 89 
90 81 
81 80 
90 94 
94 92 
91 90 
90 90 
87 85 
87 87 
81 82 
78 81 
87 83 
90 90 
83 81 
79 78 
72 67 
73 73 
73 69 
68 69 
134 131 
130 128 
137 135 
127 128 
107 106 
101 101 
101 101 
93 100 
85 85 
81 81 
84 2 


Non-sugar 


effect 
(a-b) 
29 
17 
12 


2 
24 
20 
14 
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30 
17 
10 
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The “sulphate-tungstic”’ filtrates give values which are in good agreement 
with those found for the zinc hydroxide filtrates. All the methods applied to 
them agree fairly well; the variations are of the same order as those found for 
the zinc hydroxide filtrates, and may be due to the presence of traces of inter- 
fering substances or to technical causes. 

In every experiment the Folin-Wu filtrates give higher figures than the 
zinc hydroxide and “sulphate-tungstic” filtrates, by every method except 
Benedict’s. The highest values are always obtained by the Hagedorn-Jensen 
method, and after this in order come the Shaffer-Hartmann, Folin-Wu, and 
Benedict methods. 

In any given experiment the Benedict figure is approximately the same for 
all three filtrates. The maximum variation is 7 mg. per 100 cc., and only two 
experiments show a greater discrepancy than 5 mg. per 100 cc. The variation 
is therefore within the limits of experimental error. 


DIscussIoNn. 


True sugar. 


For each blood sample we have nine determinations which we know are un- 
affected by glutathione. These include all determinations on the zinc hydroxide 
and “‘sulphate-tungstic”’ filtrates, since these filtrates contain no glutathione, 
and the determination on the Folin-Wu filtrate by the Benedict method, which 
is unaffected by the glutathione. These nine determinations agree fairly well; 
the maximum variation is 14 mg. per 100 cc., and in all but three experiments 
the figures fall within 10 mg. per 100 cc. Somogyi [1929, 1] has proved that his 
zine hydroxide filtrates contain only fermentable sugar. Since in our experi- 
ments the “sulphate-tungstic”’ filtrates show the same figures as the zinc 
filtrates, we may regard these also as representing only true sugar. The possible 
criticism that in our method glucose might be retained in the corpuscles is also 
met by this agreement, since the corpuscles are laked in the zinc hydroxide 
technique. Also, the Benedict figure on the “sulphate-tungstic”’ filtrate agrees 
with the Benedict figure on the Folin-Wu filtrate; this indicates that both 
filtrates contain the same concentration of glucose. 

The slight variation which occurs among the nine determinations under 
consideration may possibly be due to traces of interfering substances, but a 
consideration of individual experiments shows that the variation is not more 
than might be expected as experimental error. Therefore any or all of the nine 
figures mentioned may be taken as representing the true blood-sugar value, 
unaffected by glutathione or other reducing material. The average of the nine 
figures for each experiment is listed in the tables as “True sugar,” and the 
variation from this average is never greater than + 7 mg. per 100 cc., and is 
usually less than this. 
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Non-sugar effect. 


The differences between the figures given by the Folin- Wu filtrate and those 
given by the “sulphate-tungstic” filtrate must be due entirely to the non- 
diffusible reducing substances derived from corpuscles. If the “sulphate- 
tungstic”’ filtrate may be regarded as giving true sugar figures, then the whole 
of the non-sugar reducing material must consist of the non-diffusible substances 
of corpuscles. The Folin-Wu filtrate contains this non-diffusible material, 
which must be partly or wholly accounted for as glutathione. The effect due 
to this (expressed as glucose) is determined, for each method, by subtracting 
the figure obtained with the “sulphate-tungstic” filtrate from that obtained 
with the Folin-Wu filtrate. These difference values are listed in the table under 
the heading “non-sugar effect.”” The amount indicated varies consistently 
with the method used, but for any one method a striking constancy is main- 
tained through the series. These facts may be summarised as follows: 


Maximum Minimum 
Exp. 6. xii. 29 Exp. 18. xi. 29 Average 
Method (mg. per 100 cc.) (mg. per 100 cc.) (mg. per 100 cc.) 
Hagedorn-Jensen 32 25 28 
Shaffer-Hartmann 23 17 18 
Folin-Wu 16 9 13 
Benedict -1 -1 1 


When these effects observed in blood are compared with the effects pro- 
duced by pure glutathione, it is found that for each experiment it is possible 
to explain the whole of the observed effect by postulating a definite concentra- 
tion of glutathione in the blood. Thus, from the curves plotted for pure gluta- 
thione (Fig. 1 of the preceding paper) we can ascertain the effect, expressed 
as mg. glucose per 100 cc., that would be produced by various concentrations 
of reduced glutathione: 

59 mg. G.SH 44 mg. G.SH 52 mg. G.SH 


per 100 cc. per 100 cc. per 100 cc. 
Hagedorn-Jensen 32 24 29 
Shaffer-Hartmann 23 17 20 
Folin-Wu 13 10 11 
Benedict 0 0 0 


The maximum non-sugar effect observed in the experiments on blood 
(Table I, G.A.H. 6. xii. 29) corresponds closely to the effect which would be 
produced by a blood-glutathione of 59 mg. per 100 cc.; the minimum effect 
(Table I, E. 18. xi. 29) may be explained on the hypothesis that that blood 
contained 44 mg. glutathione per 100 cc.; the average effect is very close to 
that produced by 52 mg. glutathione per 100 cc. Similarly for each individual 
blood sample it is possible to find a concentration of glutathione (between 44 
and 59 mg. per 100 cc. blood), which will entirely explain the non-sugar effect 
and the discrepancies among the methods applied to Folin-Wu filtrates. The 
agreement among all methods applied to the other two filtrates is adequately 
explained by the fact that they contain no glutathione. 

If the whole of the non-sugar effect is due to glutathione the concentration 
of this substance in normal human blood must be of the order of 52 mg. per 
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100 ce. The amount of glutathione in human blood has not yet been accurately 
determined. The published figures [Hunter and Eagles, 1927; Benedict and 
Newton, 1929, 1] indicate a concentration of 40 to 90mg. per 100 cc. 
whole blood, but these figures rest on the assumption that glutathione is the 
only substance, present in the blood in appreciable ‘amounts, which can give 
a positive nitroprusside reaction. 

The evidence we have obtained is strongly suggestive that the non- 
diffusible reducing material, derived from corpuscles, and present in the Folin- 
Wu blood filtrates, consists entirely of glutathione, but it is possible that other 
substances may be included. However, any such substances, if they exist, 
must have several properties in common with glutathione. They must be non- 
diffusible and confined to corpuscles; they must be precipitated or destroyed 
in the zinc hydroxide precipitation; they must have no effect on the Benedict 
reagent, and must affect the Hagedorn-Jensen, Shaffer-Hartmann, and Folin- 
Wu reagents in the same ratio as does glutathione. 

This particular numerical ratio may not be characteristic of glutathione 
only. It was pointed out, in the preceding paper, that the reducing action of 
glutathione expressed in terms of thiosulphate (cc. N/200) was almost the 
same in the Shaffer-Hartmann as in the Hagedorn-Jensen method; but since 
the amount of thiosulphate which corresponds to a given amount of glucose is 
not the same in the two methods, the effect of glutathione, expressed as 
glucose, is different in the two methods. All the methods of blood-sugar 
estimation are empirically calibrated for glucose under the standard conditions 
of the method, and the reduction produced by a given amount of glucose is 
not a constant quantity for all methods. Therefore, any non-glucose reducing 
substance which produced the same reduction (expressed in terms of hydro- 
gen) in all the methods would necessarily show different glucose equivalents 
in the different methods. In the two titration methods used, a constant 
reduction effect would show itself as a constant relation to thiosulphate, the 
same for both. The glucose equivalents of any substance which behayed in 
this way in the Hagedorn-Jensen and Shaffer-Hartmann methods would be 
in approximately the same ratio as the glucose equivalents of glutathione. 
Unfortunately it is not possible to calculate what the effect would be in the 
Folin-Wu method; all that can be done in the colorimetric method is to compare 
the reducing action of the non-glucose substance with that of glucose. 

Our conclusion must therefore be stated as follows. The discrepancies 
between the various blood-sugar methods, applied to different blood filtrates, 
can be explained by the single postulate that the blood contains a certain 
definite amount of glutathione, on an average, 52 mg. per 100 cc. whole blood, 
and figures of this order are supported by estimations depending on the nitro- 
prusside reaction. 

If it were independently proved that the concentration of glutathione in 
human blood falls within the narrow limits suggested by our figures, then the 
non-sugar reducing material of human blood would be completely accounted for. 
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Discussion of points in the literature in the light of the present findings. 


The results of the present work confirm the main results of Herbert and 
Groen [1929] and support very strongly the suggestion then made, that gluta- 
thione is the main cause of the discrepancies between blood-sugar methods. 
Two minor inconsistencies between the present and former results call for 
mention. In the earlier paper the average discrepancy between the Folin-Wu 
and Shaffer-Hartmann methods was zero; in the present work the Shaffer- 
Hartmann figures are, on the average, 5 mg. per 100 ce. higher than the Folin- 
Wu figures. The hypothesis that glutathione is the main non-glucose reducing 
substance in blood demands a difference of 8 mg. per 100 cc. (for 50 mg. 
glutathione per 100 cc.). Secondly, in the earlier work the Benedict method 
(tungstic filtrates) gave higher figures than the Hagedorn-Jensen method 
(zine filtrates); the average discrepancy was for plasma 9, for whole blood 10, 
and for corpuscles 10 mg. per 100 cc. It was realised that this could not be 
due to the blood-glutathione, since the difference was the same for plasma and 
for corpuscles. In the light of the present work it seems probable that there 
was some technical cause tending to raise the Benedict figures, though it cannot 
now be traced. The results of the present work accord with the known behaviour 
of glutathione. 

MacLean’s method must also be briefly considered. In the work of Herbert 
and Groen this method was shown to agree fairly well with the Hagedorn- 
Jensen method applied to Hagedorn-Jensen filtrates and to give figures lower 
than the Shaffer-Hartmann method by 7 mg. per 100 cc. on plasma, 20 mg. 
per 100 cc. on whole blood, and 39 mg. per 100 cc. on corpuscles. The relation 
of results by MacLean’s method to results by other methods shows that 
MacLean’s method gives figures close to the true sugar value, and in the earlier 
paper evidence was given that this was due to the use of ferric hydroxide 
filtrates, which contain little or no non-glucose material. We have been unable 
to determine how glutathione in blood would affect MacLean’s method because 
the behaviour of pure glutathione was irregular both in the protein precipi- 
tation stage and in the copper reduction. Possibly the conditions of blood- 
protein precipitation are more favourable to the removal of glutathione than 
are the conditions in our artificial mixtures—for in the blood the glutathione 
is confined to corpuscles, whereas in our mixtures the glutathione was free in 
solution. From the practical standpoint, we may say that in ordinary blood 
analyses MacLean’s method gives regular results which are close to the true 
sugar value. 

Somogyi [1927, 1928, 1929, 1, 2; Somogyi and Kramer, 1928] has shown 
that the non-fermentable reducing substances of blood are present mainly in 
corpuscles, and are responsible for the discrepancies between certain blood- 
sugar methods applied to tungstic acid filtrates. He found no non-fermentable 
reducing substance in zinc hydroxide filtrates made by his technique, and the 
figures obtained by the Shaffer-Hartmann, Folin-Wu, Folin, and Benedict 





NON-SUGAR REDUCING SUBSTANCES OF BLOOD 307 


methods, applied to these filtrates, agreed within the limits of experimental 
error. The total reduction value of his zinc hydroxide filtrate was found to 
agree with the “fermentable sugar” in the Folin-Wu filtrate from the same 
blood. This agreement places the technique of true sugar determination in 
Folin-Wu filtrates by fermentation methods on a firmer basis, as the estima- 
tion of residual reduction was always open to the objection that the non-sugar 
reducing material might include glutathione derived from yeast. We have 
observed that glutathione is not removed from yeast by washing as in Somogyi’s 
technique; the glutathione must have remained inside the yeast cells in 
Somogyi’s experiments. 

When calculating true sugar as the difference between the total reduction 
and the residual reduction after yeast fermentation, it should be remembered 
that, in some methods, non-sugar substances have a different glucose equivalent 
in the presence and in the absence of glucose. We find that, with the Hage- 
dorn-Jensen ferricyanide reagent, glutathione has a higher glucose equivalent 
in the absence than in the presence of glucose, whereas in the Shaffer-Hartmann 
and Folin-Wu methods the glucose equivalent remains the same whether 
glucose is present or absent. Somogyi [1929, 2] has pointed out that the non- 
glucose reducing material of blood has a different effect on the Folin [1926] 
reagent in the presence and in the absence of glucose. Benedict [1928] states 
that his (1928) reagent is affected by the non-glucose reducing material of 
blood in the absence, but not in the presence, of glucose. Our study of the 
effect of pure glutathione on this reagent does not shed any light on this state- 
ment; our experience is that, in the absence of glucose, the effect of such 
quantities of glutathione as might be present in blood filtrates is negligible. 

Our figures for different blood filtrates, as well as our observation that 
glutathione produces no measurable effect on the Benedict reagent, support 
Benedict’s claim that his method gives true sugar figures on Folin- Wu filtrates. 

Benedict and Newton [1929, 2] have adduced evidence that glutathione is 
the main non-glucose reducing substance in sheep’s blood. They suggest that 
human blood contains at least one, and probably two, non-sugar reducing 
substances in addition to glutathione and ergothioneine, but, as far as we 
know, they have not yet published the evidence for this opinion. 

As regards ergothioneine, the amount in tungstic acid filtrates from human 
blood is too small to have an appreciable effect on blood-sugar methods, as 
was pointed out by Herbert and Groen [1929]. Benedict and Newton [1929, 1] 
have found higher figures for ergothioneine in tungstomolybdic acid filtrates 
than in tungstic acid filtrates, but even with the tungstomolybdic acid method, 
the figures were below 10-1 mg. per 100 cc. (with the exception of a single 
sample with a figure of 24-4). It is our experience that concentrations below 
10 mg. per 100 cc. would have very slight effects on blood-sugar analyses (less 
than 6 mg. per 100 cc., as glucose, by the ferricyanide method, which shows 
the greatest effect). 

Sjollema [1927] determined the effect of glutathione on the Folin-Wu 
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reagent and on ferricyanide. The ratio of glutathione to its glucose equivalent 
was 100: 12-5 for the Folin-Wu reagent, and 100: 48-5 for the ferricyanide 
method. He noted that oxidised glutathione had the same effect as the reduced 
form. Benedict and Newton [1929, 2] also noted that oxidised and reduced 
glutathione have the same effect on the Folin-Wu reagents. We have not 
studied the effect of oxidised glutathione, but we have shown that the re- 
duction produced by reduced glutathione is due to some other change than the 
oxidation of the sulphydryl group. Benedict and Newton found that the ratio 
of glutathione to its glucose equivalent is 100: 20 in the Folin-Wu method. 

ividence has been given in the present paper that the new “sulphate- 
tungstic” filtrate, like Somogyi’s zinc hydroxide filtrate, gives true sugar 
figures for normal human blood. It must not be assumed a priori that these 
methods will universally give true sugar figures in other species, or in patho- 
logical conditions in man. It is necessary to consider each species separately. 
For example, Hiller, Linder and Van Slyke [1925] stated that the Hagedorn- 
Jensen method applied to tungstic filtrates gave the same figures as when zinc 
hydroxide filtrates were used. They used dog’s blood, which, as Uyei [1926] has 
shown, contains about 26 mg. glutathione per 100 cc. corpuscles—an amount 
too small to affect appreciably the determinations on whole blood. ~ 

The difference between the figures obtained on the Folin- Wu and “sulphate- 
tungstic”’ filtrates is an index of the non-diffusible reducing material of cor- 
puscles, which consists mainly, if not wholly, of glutathione. In normal human 
blood there is no appreciable amount of other, diffusible, non-sugar reducing 
substances, and the “sulphate-tungstic” filtrate gives true sugar figures. If, 
in other species, or in pathological conditions in man, there were any such 
diffusible reducing substances present, the “sulphate-tungstic”’ filtrate would 
not give true sugar figures, but the difference between the total reducing value 
of Folin-Wu and of “sulphate-tungstic” filtrates could still be used as a 
measure of the non-diffusible fraction of the non-glucose reducing material. 


SUMMARY. 


1. A modification of the Folin-Wu tungstic acid precipitation is described. 
The corpuscles are retained intact by the substitution of an isotonic sulphate 
solution for distilled water. The non-diffusible glutathione remains in the cells, 
while the glucose diffuses freely throughout the mixture. 

2. In a series of experiments on normal human blood, the Folin-Wu 
filtrate, the “sulphate-tungstic”’ filtrate, and the Somogyi zinc hydroxide 
filtrate from the same blood were each analysed by four methods: (1) the 
ferricyanide method, (2) the Shaffer-Hartmann method, (3) the Folin-Wu 
method, and (4) the Benedict (1928) method. 

3. The four methods agree when applied to the zinc hydroxide filtrates and 
to the “sulphate-tungstic”’ filtrates, which contain no glutathione. The Bene- 
dict method, which is unaffected by glutathione, gives the same figure for these 
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and for the Folin-Wu filtrate. All these determinations are believed to re- 
present true sugar. 

4. Definite non-sugar reducing effects are observed when the Hagedorn- 
Jensen, Shaffer-Hartmann, and Folin-Wu methods are applied to Folin-Wu 
tungstic acid filtrates. The average values of these effects, expressed as glucose, 
are for the ferricyanide method, 28, for the Shaffer-Hartmann method, 18, and 
for the Folin-Wu method, 13 mg. per 100 cc. The whole of this effect is shown 
to be due to the non-diffusible reducing material derived from corpuscles. 

5. It is shown that the results may be explained by the single postulate 
that the blood analysed contained a certain definite quantity of reduced gluta- 
thione (44-60 mg. per 100cc. whole blood), present in corpuscles in non- 
diffusible form. This hypothesis is supported by the published data on the 
concentration of glutathione in human blood. 

6. Comparison of the zinc hydroxide precipitation method of Somogyi 
with that of Hagedorn and Jensen, using the ferricyanide method of analysis 
in each case, showed that the Hagedorn-Jensen filtrates gave slightly higher 
figures than the Somogyi filtrates. This may be explained by the known 
behaviour of glutathione in the two precipitation methods. 
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MATHEWS and WALKER [1909] studied the apparent autoxidation of cysteine 
to cystine and showed the acceleration of the velocity of oxidation by very 
small amounts of iron, copper, and other metals, and the inhibition by small 
quantities of cyanide. Warburg and Sakuma [1923] further found that 
metallic catalysis accounted for practically the whole oxidation of cysteine in 
air, and that cysteine purified from metals was almost, if not entirely, non- 
autoxidisable in neutral solutions; later, Harrison [1924] confirmed this. 

Harris [1922] investigated the complexes formed by cysteine with various 
metals and proposed a theory for the catalysis in which, in the case of iron say, 
a ferrous-cysteine complex is first formed, this is oxidised by air to a coloured 
ferric-cysteine which in turn is rapidly reduced again to ferrous-cysteine at the 
expense of cysteine, which is thereby oxidised to cystine. Recently Michaelis 
[1929], from the results of a detailed study of metallic complexes of cysteine, 
especially a stable cobaltous-cysteine, has put forward a theory of the exact 
nature of these metallic complexes and their function in the catalytic oxidation. 

None of these authors, however, seems to have studied the kinetics of these 
catalytic oxidations except Mathews and Walker in observing the effect of 
hydrogen ion concentration. Dixon and Tunnicliffe [1923] noticed the auto- 
catalytic nature of the aerobic and anaerobic oxidation of glutathione, cysteine, 
and thioglycollic acid, and showed that the disulphide group accelerates the 
rate of oxidation. This work appeared just before that of Warburg and Sakuma. 
Warburg and Sakuma’s findings made it seem possible that the acceleration 
produced by adding —SS— compounds might not be due to the —SS— itself 
but to catalytic metals in the —SS— preparation. Harrison [1927], however, 
confirmed Dixon and Tunnicliffe’s effect with metal-free preparations of 
disulphide compounds. This fact has not yet been very satisfactorily ac- 
counted for by a theory for the mechanism of the oxidation. 

The observations to be reported in this paper show that the aerobic 
oxidation of —SH groups, in the presence of metallic ions, does not seem to fit 


in with any simple theory of catalysis. 
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EXPERIMENTAL. 


The oxygen uptake curves were obtained, using the Barcroft differential 
manometer. The left-hand cups contained 3 cc. of water in all experiments, 
the right-hand cups containing a total of 3 cc. of the solution of which the 
oxygen uptake was being studied. All experiments were carried out at room 
temperature and at an initial py of 7-3, except where otherwise stated. 


CYSTEINE. 


Effect of phosphate buffer. 

It was found that phosphate buffer solution has a large inhibiting effect 
on the velocity of oxygen uptake in presence of iron or copper. In Fig. 1 are 
shown the results of an experiment to illustrate this. The right-hand cups of 
four manometers each contained 8 mg. of cysteine hydrochloride at py 7-3, 
two in M/20 phosphate buffer and two in water. To one aqueous solution and 
to one buffer solution, 0-1 cc. of a solution containing 0-05 mg. of CuSO,, 5H,O 
per cc. was added, and to the other two, 0-05 cc. of a fresh solution containing 
0-5 mg. of FeSO,, 7H,O per ce. 


Cu in water 


Fe in water 


Cu in buffer soln. 


Fe in buffer soln. 


20 40 60 80 


Time minutes . 


Fig. 1. Effect of phosphate buffer on oxygen uptake of cysteine solutions at py 7-3 
in the presence of iron and copper. 


The extent of the effect of phosphate buffer does not appear to vary much 
with the concentration between M/20 and M/60 phosphate. 

As cysteine is quite an efficient buffer itself, most of the work was carried 
out using aqueous solutions of cysteine hydrochloride neutralised with or 
N/10 sodium hydroxide to py 7-3. If the manometer cups are treated with 
acid and well washed out, there is usually little or no change in py at the end 
of the experiment, though the final liquid is occasionally slightly more alkaline 
than at first. 

Effect of cysteine concentration. 

The velocity of oxygen uptake is dependent, not only on the amount of 
catalyst present, but also upon the amount of cysteine. This was not made 
clear by Warburg and Sakuma, although Krebs [1929] noticed it in the case of 
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haematin catalysis but not with pyridine-haematin or nicotine-haematin. That 
it is true in the case of copper and iron is shown in Figs. 2, 3 6, and 10. Fig. 2 
records experiments carried out before the effects of phosphate buffer 
and high concentrations of copper (see below) were known. It was obtained 
by using a phosphate buffer solution of cysteine at py 7-3, to which copper 
solution was added. Different amounts of this mixture were put in the Bar- 
croft cups and all made up to 3 cc. with buffer solution. The copper present 
was therefore actually increased proportionately with the cysteine; but in all 
cases the copper exceeded the minimum amount to give maximum effect. The 
curves A, B, and C are the results of three experiments, the velocities of uptake 
obtained being plotted against the amount of cysteine present; points on 
curve B have twice as much, and on curve C four times as much copper 
present as the corresponding points on curve A. Thus it is seen that the velocity 
of uptake is here dependent on the amount of cysteine present (and not on the 
amount of copper). 


20 40 60 80 100 
mg: cysteine in Barcroft flask 


Fig. 2. Effect of cysteine concentration. Copper present in all in concentration more than 
sufficient to give maximum effect. Points on B have twice as much, points on C four times as 
much Cu as corresponding points on A. 
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The shape of the uptake curve. 


There is also the curious fact that when the conditions are such that the 
velocity of uptake of 3 cc. is over about 400 mm.* O, per hour, the uptake 
curve is almost invariably a straight line. That is, the velocity does not fall 
off as the unoxidised cysteine remaining in solution decreases, until it is com- 
pletely oxidised, though the angle of the curve depends on the amount of 
cysteine originally present. Thus, in rapidly oxidising solutions, the velocity 
of oxygen uptake is dependent on the initial concentration of cysteine, but not 
on the concentration at any instant. At lower velocities there is generally a 
continuous falling off in rate of oxygen usage as the oxidation proceeds. 
Figs. 6 a, 7 a, and 11 show these effects. 
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The uptake curve is not autocatalytic in shape, and Dixon and Tunni- 
cliffe [1923] considered this due to the insolubility of the disulphide form, 
cystine, which in separating out can have no effect on the course of the reaction. 
However, it has been noticed that at the end of the majority of the experiments, 
very little or no cystine had precipitated, and the precipitate developed 
slowly. 

It was thought possible that the proportionality of reaction velocity to the 
initial concentration of cysteine might be explained by presuming that the 
cysteine hydrochloride used might contain a second substance which acted 
in a complementary way towards the metal as catalyst. But this could not be 
proved, though the following experiments were carried out to test it. 

Various pure specimens of cysteine hydrochloride, including Kahlbaum’s 
“Warburg” cysteine hydrochloride, were tried and found to give the same 
results. A sample of cysteine was purified by precipitation as the cuprous 
compound in the manner described by Hopkins [1929] for the separation of 
glutathione. 60 mg. of cysteine hydrochloride, thus purified and recrystallised 
from pure HCl solution, were made up to 15 cc. at py 7-3 with water and 
N/10 NaOH. Two Barcroft cups received 1-5 cc. of. this (i.e. 6 mg. cysteine 
hydrochloride) and 1-5 cc. water, and two received 3 cc. of the solution. To 
one of each was added 0-033 cc. of a fresh solution containing 0-5 mg. FeSO,, 
7H,O per cc., and to each of the others 0-1 cc. of a solution containing | mg. 
per cc. The initial velocities of 0, uptake obtained with these are plotted in 
Fig. 3 a against the amount of iron present, and in Fig. 3 b against the cysteine- 
HCl content. 
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Effects of changing iron and cysteine concentrations on the velocity of O, uptake. 





It is seen that this behaved in the usual way, the velocity of O, uptake being 
proportional both to the cysteine and the iron present. The other samples of 
cysteine were all tested in this manner, similar curves being obtained if small 
amounts of copper were used instead of iron. A sample of optically inactive 
cysteine hydrochloride (obtained by boiling cystine in acid for a long time, and 








314 K. A. C. ELLIOTT 


then reducing), kindly given me by Messrs N. W. Pirie and A. Leese, gave the 
same results. As the addition of sodium chloride had no effect on the course 
of the reaction, the chloride and sodium ions present in neutralised cysteine 
hydrochloride solutions evidently have no effect. An attempt was made to 
concentrate the possible catalytic complement in the following way. 0-25 g. 
of cysteine hydrochloride was made up to 20 cc. at py 7-3 in water. A small 
amount of copper (0-1 cc. of a solution containing 0-5 mg. CuSO,, 5H,O per 
ec.) was added and the liquid aerated until completely oxidised, and then 
concentrated by distillation in vacuo to 4 cc. and filtered. (A separate bulk 
experiment with ten times the quantities but the same proportions showed 
that only about one-third of the copper remained in the filtrate, the rest being 
in the cystine precipitate.) Portions of this extract were added to solutions of 
cysteine containing copper or iron, but no acceleration of the oxygen usage was 
observed. 
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Fig. 4a. Effect of adding extra Fig. 46. Effect of adding extra 
cysteine during oxidation in cysteine during oxidation in 
presence of iron. presence of copper. 


The effect of cysteine concentration was further studied by adding extra 
cysteine during the course of the oxidation, and when the oxidation was com- 
plete. The right-hand cups of two manometers contained respectively 2 cc. 
and 2-5 cc. of water, and each received 0-5 cc. of an aqueous solution con- 
taining 6 mg. of cysteine-HCl at p,, 7-4. In the first an extra 0-5 cc. of this 
solution was contained in a small tube suspended from the potash tube in the 
middle of the cup in the manner described by Keilin [1929]. To each cup was 
added 0-05 cc. of a fresh solution containing 0-2 mg. FeSO,, 7H,O per cc. The 
oxygen uptakes obtained with these are shown in Fig. 4 a. At the point marked 
with an arrow, the one manometer was tapped so that the extra cysteine in 
the “Keilin tube” was added to the solution. Fig. 46 was obtained in the 
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same way, but the 0-5 cc. cysteine solution contained 8 mg. cysteine-HCl, and 
0-1 cc. of a solution containing 0-5 mg. CuSO,, 5H,0 replaced the iron solution. 

It is seen that on adding fresh cysteine solution to a solution in which 
cysteine has been partly oxidised in the presence of iron or copper, the oxygen 
uptake velocity increases, the new velocity of uptake being about what would 
be expected from the sum of the two amounts of cysteine. 

Next, a manometer was set up having in the right-hand cup 1 cc. of an 
aquéous solution containing 4 mg. cysteine-HCl at py 7-3, and 0-05 ce. of a 
solution of 0-5 mg. FeSO,, 7H,O per ce. It was shaken until the oxygen uptake 
had ceased. Then a further 1 cc. of the cysteine solution was added and the O, 
uptake observed. A second manometer contained in its right-hand cup, 2 ce. 
H,0, 1 cc. of the cysteine solution and the same amount of iron as before, and 
its O, uptake was compared with the first. The uptake curves obtained are 
shown in Fig. 5 a, and it is seen that the presence of oxidised cysteine in the 
first manometer has practically no effect on the O, uptake. 
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Fig. 5a. Effect of the presence Fig. 56. Effect of the presence 
of previously oxidised cysteine of previously oxidised cysteine 
on the oxidation of fresh cysteine. on the oxidation of fresh cysteine. 
Tron catalyst. Copper catalyst. 










Fig. 5 b shows the result of a similar experiment to the above, except that 
the iron solution was replaced by 0-1 cc. of a solution containing | mg. 
CuSO,, 5H,O per cc. Here it is seen that in the presence of oxidised cysteine, 
the rate of O, uptake is about what would be expected if the whole of the 
cysteine had been added at once. 

Thus in the presence of iron and completely oxidised cysteine, addition of 
fresh ‘cysteine causes oxygen uptake to recommence at a velocity to be ex- 
pected from the fresh cysteine alone, but with copper, the velocity is again 
what would be expected from the sum of the oxidised and fresh cysteine. This 
result has been repeatedly obtained. 













Concentration of catalyst. 

Harrison [1924] showed that the velocity of oxygen uptake of cysteine in 
the presence of iron is proportional to the amount of iron present up to a con- 
centration of 1-6 x 10-* mg. of iron in 3 cc. The following experiment was made 
in order to see whether there was a limit to this proportionality. The right-hand 
cups of four manometers each contained 8 mg. cysteine-HCl in 3 cc. water at 
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Py 7:3, and they received respectively the following amounts of iron: 0-1 ce. 
of a solution containing 0-05 mg. FeSO,, 7H,O per cc. ; 0-03 ec. of 0-5 mg. per 
cc.; 0-1 ec. of 1 mg. per cc.; and 0-5 cc. of 5 mg. per cc. The uptake curves 
obtained with these increasing amounts of iron are shown in Fig. 6 a, and in 
Fig. 6 b the velocities of O, uptake are plotted against the amounts of iron. 

It is thus seen that the velocity of oxygen uptake is proportional to the 
amount of iron at least up to a concentration of iron of 0-05 mg. per ce. 

With copper the case is very different. Up to a certain small concentration, 
the uptake velocity is proportional to the copper, but at higher copper con- 
centrations the velocity/copper curve falls off sharply, becoming horizontal, 
and any further increase in copper concentration causes no further increase in 
reaction velocity. In unbuffered solutions a very large amount of copper added 
actually causes the velocity to decrease again slightly. This decrease is, how- 
ever, explained by the fact that on adding a fair amount of copper sulphate, an 
insoluble Cu-cysteine precipitate is formed, leaving H,SO, in solution so that 
the p, is lowered. Smaller additions of copper sulphate cause no appreciable 
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Fig. 6a. Oxygen uptake curves given by Fig. 6b'. Effect of increasing iron on the 
8 mg. cysteine hydrochloride in water at velocity of oxidation of 8 mg. cysteine 
Py 7:3 in presence of: hydrochloride at py 7-3. 


(A) 0-0011 mg. Fe, (B) 0-0033 mg. Fe, 
(C) 0-022 mg. Fe, (D) 0-054 mg. Fe. 


The following is a typical experiment illustrating this effect. The right-hand 
cups of eight manometers, each containing 8 mg. of cysteine hydrochloride in 
3 cc. water at py 7-3, received amounts of copper increasing from 0-05 ec. of 
a solution containing 0-05 mg. CuSO,,5H,O per cc., to 0-2 cc. of a solution 
containing 1 mg. CuSO,, 5H,O per cc., and a ninth received no added metal. 
The uptake curves given by these are shown in Fig. 7 a, and Fig. 7 6 is ob- 
tained by plotting initial velocities against copper present. 

The failure of the velocity of O, uptake to increase with copper concentra- 
tion cannot be explained by oxygen lack in the liquid, as with iron, and in 

‘The upper points on this curve should actually be higher, as the rate of shaking during 
the experiment was afterwards found not to be sufficiently great to eliminate all diffusion effect 


at these high velocities. 

















OXIDATION OF THIOL COMPOUNDS 317 





other experiments shown, much higher velocities were obtained under the 
same conditions of temperature and rate of shaking. 

This minimal concentration of copper for maximal effect is not greatly 
affected by temperature, change in cysteine concentration or oxygen tension, 
the presence or absence of phosphate buffer, by increasing the liquid-glass 
surface by the introduction of glass beads, or by change of hydrogen ion 
concentration between py, 6 and 8. 
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Fig. 7a. Oxygen uptake curves given by 8 mg. cysteine hydrochloride in water 
at Py 7-3 in presence of: 
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Fig. 7b. Effect of increasing amounts of copper on the velocity of oxidation 
of 8 mg. cysteine hydrochloride at py 7-3. 





In Fig. 8 is given a series of curves obtained under various conditions, which 
show the effect of increasing copper concentration. 

A converse effect with copper occurs in high concentrations of cysteine 
with low copper. If increasing amounts of cysteine are put up with a constant 
very small amount of copper, the oxygen uptake velocities are at first pro- 
portional to the amount of cysteine, and then a further increase in cysteine 
concentration causes scarcely any increase in uptake velocity. If now the 
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copper is increased, the proportionality to cysteine continues to a higher level 
before ceasing. Fig. 9 illustrates these observations, and it was obtained in 
the following manner. A solution of 250 mg. cysteine-HCl in 15 cc. water at 
Py 7:3 was made up, and the right-hand cups of four manometers received 
respectively 3 ec., 2-2 cc., 1-2 ce., and 0-4 ce. of this. The volume in each was 
made up to 3 cc. with water, and ‘o each was added 0-05 cc. of a solution con- 
taining 0-05 mg. CuSO,, 5H,O per cc. The initial velocities of O, uptake 
obtained from these are shown in the lower curve in Fig. 9, plotted against the 
amount of cysteine-HCl present. The upper curve is the result of an exactly 
similar experiment, using just double the amount of copper solution. 
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8. Effect of increasing amounts of copper on the velocity of oxidation 
of cysteine under various conditions. 
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ence of very small amounts of copper. ence of a small amount of iron. 
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In the case of iron catalysis, in the presence of a very small amount of iron, 
the uptake velocity with large amounts of cysteine remains proportional to 
the cysteine as seen in Fig. 10, which was obtained in the same way as Fig. 9, 
the copper solution being replaced by 0-1 cc. of a solution containing 0-05 mg. 
FeSO,, 7H,0 per cc. 

Oxygen tension. 

The right-hand cups of four manometers, A, B, C, and D, each contained 
10 mg. cysteine-HCl in 2-5 cc. water at py 7-3. “Keilin tubes” were suspended 
in all, those in A and C each holding 0-05 cc. of a solution containing 0-5 mg. 
FeSO,, 7H,O per cc., plus 0-5 cc. water, and those in B and D having 0-1 ce. 
of a solution containing 0-05 mg. CuSO,,5H,O per cc., plus 0-5 cc. water. 
C and D were evacuated and filled with oxygen at atmospheric pressure. The 
oxygen uptake in all was noted, and after 21 minutes all were tapped so that 
the iron and copper solutions became mixed with the cysteine, and the new 
uptakes were observed. The results of this experiment, which are seen in 
Fig. 11, show that increasing the oxygen tension causes a very considerable 
increase in the rate of cysteine oxidation in the presence of either iron or copper, 
though the velocity does not appear to be proportional to the partial pressure 
of the oxygen in the gas. Similar results were obtained by Krebs [1929] with 
haematin or nicotine-haematin as catalyst. 
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Fig. 11. Effect of increased oxygen tension on the velocity of oxygen uptake of cysteine in 
presence of iron and copper. Cu or Fe solutions added 22 minutes from start. 


THIOGLYCOLLIC ACID. 


The acid used for these experiments was distilled in vacuo, using vessels 
that had been previously well boiled out with pure hydrochloric acid solution. 
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Phosphate buffer. 


Phosphate buffer has a considerable inhibiting effect on the velocity of 
oxidation, which does not vary much between phosphate concentrations of 
M/20 and M/60. But, since thioglycollic acid has no buffering properties, it 
was necessary to use the buffer solution, as without it the solutions became 
acid on oxidation. 

Oxygen uptake curve. 

With thioglycollic acid the autocatalytic acceleration, noted by Dixon and 
Tunnicliffe, is obtained, but, as with cysteine at high velocities of uptake, the 
velocity does not fall off until oxidation is complete (see Fig. 12). In the case 
of copper catalysis the initial velocity of uptake depends under the usual 
conditions on the amount of thioglycollic acid present. With iron this is 
possibly masked by another phenomenon described in the next section. 
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Fig. 12. Oxygen uptake curves given by 3-5 mg. thioglycollic acid in M/60 
phosphate buffer at p,, 7-3 in presence of: 
(A) 0-0054 mg. Fe. (B) 0-011 mg. Fe. (C) 0-022 mg. Fe. 
(D) 0-044 mg. Fe. (EZ) No added metal. 


Concentration of catalyst. 
When iron is the catalyst, the behaviour of thioglycollic acid is very 
different from that of cysteine. In this case we have a type of auto-inhibition, 
the catalyst is largely inactivated by excess of thioglycollic acid. The following 
experiments show this. 280 mg. thioglycollic acid were made up to 80 cc. at 
Py 7-3 with M/20 phosphate buffer solution. The right-hand cups of four 
manometers each received 1 cc. of this and 2 cc. of water, and the following 
different amounts of iron were added: 0-05 cc. of a solution containing 0-5 mg. 
FeSO,, 7H,O per cc.; 0-1 cc. of the same; 0-1 cc. of a solution of double that 
strength; and 0-2 ec. of the second solution. A control was also run containing 
no added metal. Fig. 12 gives the uptake curves thus obtained. 
The upper curve in Fig. 13 was obtained by plotting the velocities of O, 
uptake, given by the above experiment, against the iron concentration. The 
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two lower curves in Fig. 13 were obtained in a similar way, the one being the 
result of using 3 cc. of the same thioglycollic solution (and no water), and the 
other using 3 cc. of a thioglycollic acid solution of the same strength but only 
one-third the concentration of phosphate buffer. 

It is seen that the first additions of iron cause very little increase in velocity, 
but after a certain concentration of iron is reached, the velocity increases 
rapidly, and the increase is proportional to the extra iron added. Where the 
thioglycollic acid is present in three times the strength, it is seen that not only 
is more iron required before its effect is appreciable, but also the velocity never 
increases, with increasing iron, at such a rate as in the case of the weaker 
solution. Velocity/iron curves of the same type, for the two different concen- 
trations of thioglycollic acid, were obtained by using neutral water solutions 
without buffer; the velocities obtained were all considerably higher but the 
shapes of the curves were exactly the same as in the presence of phosphate 
buffer. 
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Fig. 13. Effect of increasing amounts of iron on the velocity of oxygen uptake 
of thioglycollic acid solutions at py 7:3. 


It was thought that this inhibition might possibly be due to the presence 
of H,S in the distilled thioglycollic acid, but it was actually found that with 
thioglycollic acid and iron, some acceleration of the reaction was produced by 
adding small quantities of Na,S solution (though the pg was not affected). 
Krebs [1929] has found the same thing with cysteine oxidation in presence of 
iron or nicotine-haematin. 

With thioglycollic acid, similar curves of copper concentration against 
velocity of O, uptake are obtained as with cysteine; 7.e. a concentration of 
copper is reached when further addition of copper gives no increase in velocity. 
The minimum copper for maximum effect is just about the same as for cysteine. 
This is seen in Fig. 14, which was given by the following experiment. 280 mg. 
of thioglycollic acid were made up to 80 cc. at py 7-3 with M/60 phosphate 
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buffer solution. The right-hand cups of four manometers each received | cc. 
of this and 2 cc. of M/60 buffer. To the cups were added the following amounts 
of copper: 0-1 cc. of a solution containing 0-05 mg. CuSO,,5H,O per cc.; 
0-2 cc. of the same; 0-1 cc. of a solution containing 0-25 mg. per cc.; and 
0-2 cc. of a solution containing 0-5 mg. per cc. The lower curve in Fig. 14 shows 
the velocities of O, uptake obtained, plotted against the amount of copper 
present. The upper curve is the result of a similar experiment in which 3 ce. 
of the thioglycollic acid solution were used. 

It will be noticed that in the curve obtained for the higher concentration 
of thioglycollic acid, the velocity corresponding to a very low copper concen- 
tration falls very low. This low point could be repeatedly obtained and corre- 
sponds with either the low oxygen uptake of excess of cysteine in presence 
of low copper (Fig. 9), or the auto-inhibition of thioglycollic acid on the 
oxidation with iron as catalyst. 
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Fig. 14. Effect of increasing amounts of copper on the velocity of oxygen 
uptake of thioglycollic acid solutions at py 7:3. 


Complexes of thioglycollic acid with iron and copper. 


Harris [1922] described the complexes formed between cysteine and iron, 
copper, and other metals, and Hopkins [1929] described the cuprous compound 
of glutathione. Thioglycollic acid forms a similar series of complexes. The 
cuprous compound formed with cuprous oxide is white and resembles those 
of glutathione and cysteine in being readily soluble in strong HCI or in alkaline 
solution but insoluble in neutral or H,SO, solution. On adding cupric sulphate 
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to a neutral thioglycollic acid solution, a brown precipitate is momentarily 
formed and disappears immediately; this is probably a cupric thioglycollic 
acid compound, which is rapidly reduced to the cuprous compound, and 
corresponds to the blue-black momentary precipitate noticed in the case of 
cysteine. 

On adding an iron salt to neutral thioglycollic acid solutions, a purple 
colour appears which is presumably the ferric complex of thioglycollic acid, 
as it fades on standing and reappears on aerating, thus corresponding to the 
violet colour obtained with cysteine. But here there is a noteworthy deviation 
from correspondence with cysteine. Whereas, as Harris showed, the rate of 
disappearance of the violet ferric cysteine colour varies directly with the con- 
centration of cysteine, the rate of disappearance of the purple ferric thio- 
glycollic compound is retarded very greatly by increasing the concentration 
of thioglycollic acid. This fits in with the observation mentioned above, that 
the aerobic oxidation of thioglycollic acid in the presence of iron is retarded 
by increasing thioglycollic acid concentration. 


DISCUSSION. 


The results reported in this paper show that the oxidation of sulphydry]l 
compounds in presence of metals is not to be accounted for on any classical 
theory of catalysis. It has been found possible to make a fairly simple hypo- 
thesis, involving only principal valencies, which will fit the facts more or less 
satisfactorily; but considering Michaelis’s [1929] view of the complex nature 
of the metallo-cysteine compounds, it would be unwise to suggest more than 
one or two of the main ideas on which the hypothesis is based. 

It is somewhat difficult to decide what kinetic relations Michaelis’s series 
of reactions would imply, but they do not seem to suggest the facts mentioned 
in this paper; namely, that the velocity of oxygen uptake of a given volume 
of solution should be proportional to the amount of metal present, and to the 
initial concentration of cysteine at high velocities, and also dependent on the 
oxygen tension. 

It is tentatively suggested that the active catalyst may be considered to 
be not merely the metallic ion, but a reversible monomolecular combination 
between the metal and cysteine or cystine. This complex is then alternately 
oxidised by O, to the ferric state and reduced by cysteine back to the ferrous 
state as Harris [1922] showed. If the reduction process at py 7-3 is very rapid 
compared with the oxidation process, then the oxidation process would limit 
the reaction, and the velocity of oxygen uptake should be dependent on the 
O, tension, and on the amount of catalytic complex, which in turn, as it is 
reversibly formed, is proportional to both the iron and [cysteine + cystine] 
concentrations. As oxidation proceeds and cysteine is replaced by cystine, the 
amount of catalyst remains constant and the velocity does not fall until nearly 
all the cysteine has disappeared. 
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Making no assumptions as to the type of valencies, the system may be 
represented as follows: 


( Cysteine 
Fe**+/ an 
| cystine 
{ Cysteine ( Cysteine 
Cysteine+Fe***; or — Fe" <{ or + cystine 
* | cystine ' eystine 
O, 


A similar mechanism is suggested for copper catalysis. The metal-cysteine 
compounds might be formed by co-ordinate valencies, or they might be 
carboxylic salts, but could not, on this hypothesis, depend on the —SH group 
if they are to be formed with equal facility by the oxidised and the reduced 
forms. 

The hypothesis requires that the cystine should not be removed by pre- 
cipitation, and it has been noticed that at the end of the majority of experi- 
ments, there was either very little or no precipitate visible, but that it appeared 
in considerable amount after some time. This precipitation might therefore 
account for the falling off of the velocity in experiments in which the oxidation 
was proceeding more slowly. 

The fact that, after a certain concentration is reached, the addition of 
further copper has no effect on the velocity of reaction may be due to the 
insolubility of copper compounds of cysteine or cystine and thioglycollic acid. 
A method for estimating cystine is actually based on this insolubility [Harris, 
1923]. 

When the copper concentration was very low, it was observed that a con- 
centration of cysteine was reached, after which further additions of cysteine 
caused very little increase in the rate of oxygen usage (Fig. 9). It is possible 
that the reaction between copper and cysteine, to give the catalytic complex, 
may have its equilibrium very much in favour of the catalytic complex, and 
in high cysteine concentration and very low copper practically all the copper 
may be used up, increase of cysteine then producing very little more of the 
catalytic complex. 

To attempt to explain the py, curve of Mathews and Walker, and the other 
phenomena observed in this paper, on this hypothesis might be carrying 
speculation too far. Such ideas as a tendency to hydrolysis of the metallo- 
complex in acid solutions, and formation of inactive salts in alkaline solutions, 
combination of phosphate, in phosphate buffer, with the metal or complex to 
give inactive substances, and different degrees of stability of the complex in 
solution to explain the different effects of previously oxidised cysteine in the 
cases of iron and copper, might be put forward in the absence of an explanation 
based on direct evidence. 

A similar hypothesis might be applied to the case of thioglycollic acid 
oxidation; the auto-inhibitory effect of higher concentrations of thioglycollic 
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acid with iron could possibly be explained by the formation of an inactive 
metallic complex containing more molecules of thioglycollic acid than the 
active catalyst. 

The hypothesis readily explains the catalytic effect of added disulphide 
compounds; the autocatalytic effect, which has been observed by other 
authors, is not noticeable in cysteine oxidation at py 7-3, but appears to some 
extent in thioglycollic acid oxidation; it can only be explained on this hypo- 
thesis by the assumption that the catalytic metallic complex is more readily 
formed with a disulphide acid than with a sulphydry] acid. 

Since this work was done, a paper has appeared by Cannan and Richardson 
[1929] on other aspects of the same subject. They have also put forward certain 
hypotheses for the mechanism of sulphydryl oxidation; but it is unfortunate 
that these have been generalised from a study of the complexes of thioglycollic 
acid with iron, since it has been shown above (see Fig. 13 and the section on 
metallic complexes) that thioglycollic acid and iron behave in an anomalous 
way. 

SUMMARY. 

1. The rate of oxidation of cysteine at py, 7-3 is proportional to the amount 
of iron present up to the highest concentration tried. 

2. It is proportional to the amount of copper present up to a certain small 
concentration. Further increase of copper, provided it does not affect the py, 
causes no effect. This minimal concentration of copper, giving maximal effect, 
does not appear to be greatly affected by change in temperature, oxygen 
tension, py, cysteine concentration, or by the presence of phosphate buffer or 
increased liquid-glass interface. 

3. The velocity of oxygen uptake is also proportional to the amount of 
cysteine originally present. 

4. The oxygen uptake curve is linear when the velocity of uptake is fairly 
rapid; it tends to fall off when the reaction is not so rapid. 

5. In presence of very low concentrations of copper, a concentration of 
cysteine can be reached beyond which further additions of cysteine cause only 
slight increase in velocity. 

6. Addition of an extra amount of cysteine during the course of the oxida- 
tion of cysteine, causes the velocity to increase to the rate that would be ex- 
pected if both amounts of cysteine had been added at first, in the case of both 
iron and copper catalysis. If, however, the extra cysteine is added when the 
oxidation of the first lot is complete, the O, uptake recommences, when copper 
is the catalyst, at a rate to be expected from the total cysteine, while, in the 
case of iron, the new velocity is only what would be expected from the fresh 
cysteine. 

7. The velocity of oxidation in presence of iron or copper is increased by 
increasing the oxygen tension. 

8. The velocity of oxygen uptake in presence of iron or copper is decreased 
by the presence of phosphate buffer. 


Biochem. 1930 xxiv 21 
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9. Thioglycollic acid in solution at py, 7-3 shows similar behaviour to the 
above, except that: 

(a) the velocity of O, uptake in the presence of iron is very low up to a 
certain concentration of iron, and thereafter increases rapidly in proportion 
to the amount of extra iron added; 

(6) higher concentration of thioglycollic acid decreases the rate of oxygen 
uptake in the presence of iron. 

10. A résumé of the behaviour of complexes of iron and copper with 
thioglycollic acid is given. 

11. The above phenomena are discussed in relation to the type of hypo- 
thesis that may be necessary to correlate them. 


I wish to thank Dr M. Dixon for his encouragement and criticism. 
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A PREVIOUS investigation gave the variations in the chemical composition of 
normal human colostrum and early milk [Lowenfeld, Widdows, Bond and Taylor, 
1927]. This work has now been extended to a study of the composition of milk 
secreted after the first month of lactation with the view not only of comparing 
the relative quantities of the constituents at the different stages of lactation, 
but also of comparing the relative quantities of these substances at the same 
stage of lactation. The material for this work has been obtained from the 
children’s department of the Royal Free Hospital, Shoreditch Carnegie 
Welfare Settlement and from the Mothercraft Training Society, Cromwell 
House, Highgate. 

In the case of the analyses of the later milk it has not been found possible 
to deal with individual women over the whole course of the observations as 
was done in the work on early milk, although in some cases it has been managed 
over two or three months. By studying the composition of the milk of as large 
a number of women as possible it was thought that to a large extent individual 
differences would be eliminated and some generalisations indicated. 

Altogether 51 women have been studied, and of these 34 paid single, 12 
double and 5 triple visits to the Hospital. 

The constituents of the milk investigated are sugar, protein, fat, calcium, 
phosphorus and ash. The methods employed in the estimation of these substances 
were the same as those for early milk. The number of estimations of each 
constituent has varied between 50 and 60. The method of extracting the milk 
was either by means of the breast pump or digital expression. The method of 
extraction is only of importance in dealing with the percentages of fat, also it 
was only in the estimation of the fat that separate estimations were made on 
the milk extracted before and after the baby had fed. The earlier work showed 
that in the case of the other constituents the differences in the fore and after 
milk were slight and of no particular significance. Therefore in this work, except 
in the case of the fat, the estimations were done on the mixed fore and after 
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milk. The phosphorus, which was not studied in the earlier work, has been 
estimated by the Martland and Robison [1924] modification, of the Bell-Doisy 
[1920] and Briggs [1922] method, using Merck’s perhydrol as suggested by 
them and Briggs for the final oxidation of the material for the total phosphorus 
present. 

In considering the results of this work the calcium and phosphorus figures 
will first be considered separately and then their relationship to the ash and 
to one another. 

The significance of the nitrogen and sugar results will also be dealt with, 
but the fat results will be left to another communication. 


CALCIUM. 


The calcium content of the milk of 51 women at all stages in the course of 
lactation has been determined with a view to ascertaining what variations 
exist, and whether, if there is variation, the variation follows any general rule. 
It has been emphasised by us [1927] and also by Hunnaeus [1909] that the 
individual differences in the calcium content of milk are much greater than 
the variations from day to day in any one individual. Samples of milk have 
been analysed, extending from the first to the tenth month of lactation, and the 
individual variation has again been found to be large, varying from 0-036 to 
0-075 g. per 100 cc. of milk. 

As our former work showed that the variations in calcium expressed them- 
selves slowly, with the exception of the first month, the averages have been 
taken over a range of four months. The results of our work are shown on 


the left of Table I. 


Table I. 
Average CaO Average CaO 
No. of (g. per 100 ce. Period of No. of (g. per 100 cc. Period of 
samples of milk) lactation samples of milk) lactation 
101 0-0466 1-2 weeks 101 0-0466 1-2 weeks 
3 0-0499 3-4 weeks 3 0-0499 3-4 weeks 
33 0-0563 2-4 months 15 0-057 2 months 
17 0-0499 5-10 months | 17 0-0558 3-4 months 
10 0-0521 5-7 months 
8 0-0468 7-10 months 


These results show that the calcium content of the milk is lowest for the 
first two weeks of lactation, rising gradually to a maximum during the first 
four months, maintaining a fair level after the fourth month, but slowly 
decreasing. The same result is shown if our numbers are taken over rather 
shorter intervals of time, as shown on the right of Table I, indicating that the 
maximum lies between the end of the second and the beginning of the third 
month. 

Among the earlier workers on this subject Hunnaeus [1909], Schloss [1911], 
Bahrdt and Edelstein [1910] all agree that the calcium in the milk decreases 
slowly with the course of lactation. 
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Bahrdt and Edelstein, while emphasising the high individual differences 
in the percentage of calcium in milk, concluded that their work showed this 
gradual decrease. Schloss alone mentions that he found the CaO less during 
the first week of lactation. The reason why the gradual increase from the first 
two weeks of lactation to a maximum at the end of the fourth month has not 
so far been emphasised is probably the fact that in many of the results 
recorded there are no samples taken until after the first month of lactation. 

Table II gives a comparison of our results with those of other workers on 
milk. The figures of the latter have been averaged over the same periods. 





Table IT. 
De Buys and 
Authors Holt Telfer von Meysenburg [1924] 
———— FF es oe 
Period Mean Mean Mean Period Mean 
of lacta- No.of value No. of value No. of value of lacta- No. of value 
tion samples CaO samples CaO samples CaO tion samples CaO 
First 2 101 0-0466 5 0-0444 5 0-0398 — — — 
weeks 
3-4 2 0-0499 6 0-0406 4 0-0407 a —- —- 
weeks with 
rachitics 
5 0-0422 
244 33 0-0563 9 0-0483 9 0-0466 1-3 30 0-0435 
months with months 
(end) rachitics 
18 0-0477 
5-10 17 0-0499 8 0-0453 5 0-0472 4-7 28 0:0392 
months 4-9 with months 
(end) months rachitics 
0-0474 
10-20 — _— 10 0-0388 12-13 8-12 12 0-0367 
months months months 
1 0-048 
with 
rachitics 
4 0-044 
Totalno. 152 — * = sas  — if 70 = 
of samples . 


All these results show the same trend to a lower calcium value in the earlier 
months, gradually rising to about the end of the fourth month and then slowly 
sinking. Our values differ from those of the other workers in being slightly 
higher in value, the average value for the interval during 2-4 months being 
raised by several individual cases with a value 0-06 and there being no very 
low values. Some of the individual cases of the other workers are high, but 
their average is lower. 

The explanation of the gradual rise in the percentage of calcium in the 
milk from the first week to the beginning of the third month and the gradual 
fall in the later months must be related to the physiological needs of the child. 

During the first days after birth it must necessarily be trying to accom- 
modate itself to its new environment and it is general that during the first 
week of life the weight of the child should decrease from that at birth. During 
this time it will need the minimum amount of calcium. As growth proceeds, 
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according to the figures of Feldman [1927], the amount of milk taken per day 
increases from 300 cc. during the first week to 1000 cc. by the end of the sixth 
month. The increase in intake, however, is not uniform for each month. During 
the first month the intake rises from 300 cc. to 600 cc. per day, during the 
second month the average increase on the day’s intake is 250 cc., during the 
third month the intake remains the same, and from the third to the sixth 
month the average rise is 50 cc. on the day’s intake per month. 

Table III shows the relationship between the volumes of milk and its 
calcium oxide content taken per day at the different periods of lactation. 


Table ITI. 
1-2 3-4 2 3 4 5-7 8-10 
Period weeks weeks months months months months months 


Average CaO (g. per 0-0466 0-0499 0-0570 0-056 0-055 0-0521 0-0468 
100 ce.) 


Average volume of 300 600 850 850 900 950 — 
milk intake per day (5 months) 
(cc.) 1000 


(6 months) 





Total intake of CaO 0-1398  0-2994 0-4845 0-476 0-495 0-495 an 


per day (g.) (5 months) 
0-521 
(6 months) 


This comparison shows that the gradual rise in percentage of CaO up to its 
maximum at the end of the second month coincides with the time when the 
baby is increasing its intake of milk by the largest average daily increase and 
presumably growing correspondingly fast. During the third month the intake 
of milk and the percentage of calcium remain practically constant. The gradual 
decrease in the percentage of CaO after the third month is counterbalanced 
by the continued increase in the intake of milk, so that the total intake of CaO 
during the first six months shows a gradually increasing value. The gradual 
decrease in the percentage of calcium will be balanced in the later months by 
the supplementary foods that the child will take about the age of six months. 


PHOSPHORUS. 


The estimations of phosphorus were made on the same samples of milk as 
were used for the calcium estimations. As no phosphorus estimations were 
originally made on early milk a separate series of experiments was carried out 
on the milk from 16 different women for this period. At present the phos- 
phorus content of the milk of one individual has not been estimated over any 
consecutive length of time, but the cases so far examined on consecutive days 
or within a short period seem to indicate that as in the case of the calcium 
probably the individual differences in the phosphorus content are greater than 
those occurring in the samples of milk of the same individual. The same range 
of periods has been taken in averaging the percentage of phosphorus as in the 
case of calcium. 

The results are shown on the left of Table IV. 
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Table IV. 


Average P.O, Average P,O; 
No. of (g. per 100 cc. Period of No. of (g. per 100 cc. Period of 
samples of milk) lactation samples of milk) lactation 


14 0-0364 6th-14th day 14 0-0364 6th-14th day 
4 0-0387 3-4 weeks 4 0-0387 3-4 weeks 
37 0-0412 2-4 months 16 0-423 2 months 
18 0-0410 5-10 months 21 0-0404 3—4 months 
9 0-0402 5-7 months 
9 0-0417 8-10 months 


The percentages of PO; in the milk seem to run parallel with those of the 
calcium oxide. During the first two weeks of lactation the percentage of 
phosphoric acid is at its lowest. It then rises slowly up to the end of the fourth 
month when it remains practically constant up to the tenth month with a very 
slight tendency to decline. The variations in the percentage of phosphorus are 
not so marked as in the case of calcium. 

When the above results are set out over shorter intervals of time, as shown 
on the right of Table IV, it is seen that the maximum percentage for phos- 
phorus falls, as in the case of calcium, between the second and third months of 
lactation. 

The percentage of phosphorus in milk, unlike that of the calcium which 
slowly decreases, remains almost constant after the fourth month. This may 
be due to the fact that, although the needs of the child for calcium and phos- 
phorus for bone formation run parallel, it is probable that the demand for 
phosphorus for the growth of the soft tissues exceeds that for calcium. 

The constancy shown by the percentage of calcium during the second and 
third month of lactation, when the intake of milk by the child remains con- 
stant, is not shown in the case of phosphorus. It is found that 0-0386 is the 
percentage of P,O; for the third month as compared with that of 0-0423 for 
the second. 

This work emphasises a point which Bahrdt and Edelstein [1910] also 
emphasised, viz. that it is only by comparing over long periods that any general 
tendency to decrease or increase can be observed. 

Schloss [1911] showed, as we have done, a gradual increase in the percentage 
of phosphorus from the second week up to the third month of lactation, 
followed by a fall and rise but gradually decreasing to the eleventh month. 

Telfer’s [1924] results, on the other hand, agree in that they show a gradual 
rise to a maximum after the first two weeks and then a gradual decrease. His 
maximum, however, falls later, between the fifth and seventh months, and 
during the first two weeks his average is higher than at any other time. This 
may be due to the fact that it is only in the case of country women that the 
figures for early milk are recorded, and Telfer has pointed out that the per- 
centage of phosphorus in the milk of these women is distinctly higher than that 
of town dwellers. 

Schlossmann [1904] could establish no relationship between the percentage 
of phosphorus in milk and the duration of lactation, but, although his numbers 
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vary, they seem to show that the percentage is gradually decreasing with the 
duration. Although there are exceptions, he thought that a high phosphorus 
content was associated with a high nitrogen content. So far we have no results 
to record on the percentage of phosphorus in milk on the first and second days 


after birth when the nitrogen percentage is very high. 
Table V gives a comparison of our averages with those of Telfer and Schloss. 


Table V. 
Telfer 


ee. a ee 
P.O; (g. per 100 cc.) 


Authors 
Sa Without samples 


_ ga ae \ 
Period of No. of P.O; (g. No. of from country 
lactation samples per 100 cc.) samples All cases women 
5th-14th day 14 0-0364 5 0-048 —_— 
inclusive . 
3-4 weeks 4 0-0387 f 0-0384 (3) 0-0363 
2-4 months 37 0-0412 1 0-0395 (13) 0-039 
18 0-0410 6 0-0421 (5) 0-043 
(6-8 months) 
12-13 months — 4 0-0377 
Schloss ; 
11-13th day 34 wks. 2mths. 3mths. 3}mths. 4}mths. 11 mths. 
P.O; (g. per 100 cc.) 0-0380 0-0393 0-0431 0-0501 0-0342 0-0415 0-0348 


5-10 months 
(4) 0-0377 


THE ASH AND ITS RELATIONSHIP TO THE CONTAINED CALCIUM 
AND PHOSPHORUS. 


Our results on the amount of ash show that the ash is high in the early 
weeks of lactation, the average being 0-289 g. per 100 cc., while towards the end 
of lactation the average falls to 0-181 per 100 cc. Out of 77 samples during the 
first two weeks 43 showed an average of 0-3 g. or a little over, 19 of over 0-25 
and the rest slightly lower. The above results are in accord with the work of 
Sdldner [1896], who gave as his maximum for early milk 0-3 g. and his mini- 
mum 0:18. 

The variations in the amount of ash during the course of lactation are given 
in Table VI. 

Table VI. 
Period of lactation 1-2 weeks 3-4 weeks 2-4months 5-7 months 8-10 months 

Average ash (g. 0-289 0-249 0-243 0-236 0-181 

per 100 cc. of 


milk) 
No. of samples 37 
2nd month 
0-247 
3rd month 
0-2398 
These figures show a rapid decrease during the first month of lactation, 
from the end of the first month to the seventh a slow decrease, and then again 
a rather rapid decrease during the last months, the figure during this last 


period usually lying between 0-1 and 0-2 g. 
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In considering the relationship of the calcium in the ash, the percentage of 
calcium rises from a mean of 15-5 during the first two weeks to 26-1 during the 
last three months, remaining fairly constant at 23 during the intervening period. 
These results are shown in Table VII. 


Table VII. 
No. of Average CaO No. of Average P,O; 
Period of lactation samples (g. per 100g. ash) samples (g. per 100g. ash) 

1-2 weeks 56 15-5 15 13-56 
3-4 weeks 3 18-9 + 15-68 
2 months 13 23-8 16 17-3 

3 months 13 23-2 13 15-95 
4 months 4 23-67 5 17-56 
5-6 months 5 23-3 5 18-98 
7-10 months 9 26-1 | 10 21-13 


Schloss [1911] reports 11 % CaO in the ash of early milk, rising to 20 % in 
mature milk. The above higher percentages are probably due to the fact that 
the average calcium oxide in the samples of milk examined was higher than 
in those of Schloss. 

In the case of phosphorus the percentage of P,O, in the ash shows the same 
general rise from the first week to the tenth month of lactation, as is shown by 
the calcium oxide. The percentage, however, is lower throughout the course of 
lactation, rising from 13-56 in the first week to 21-13 during the last (seven to 
ten) months. 

It is to be noticed here that the percentage falls between the second and 
third months and begins to rise again between the third and fourth months. 
This runs parallel with the phosphorus estimation, as it has already been shown 
that the percentage of phosphorus pentoxide in milk rises from the first week 
to the end of the second month, falls during the third month, rises again during 
the fourth month, after which a fair level is maintained with a very slow 
decline in the later months (Table VII). 


RELATIONSHIP BETWEEN THE CALCIUM AND PHOSPHORUS. 

Among the inorganic constituents of milk the calcium and phosphorus are 
the most important, and much attention has been focussed on these two elements 
in the diet in connection with the study of rickets. 

It has been established that diets, insufficient in either calcium or phos- 
phorus but adequate in every other respect, result in a retardation of the 
deposition of calcium phosphate in the bone and, where the deficiency of either 
element is too great, this cannot be counterbalanced by greatly increasing the 
antirachitic vitamins in the diet by the addition of cod-liver oil but only by 
the addition of the deficient calcium or phosphate. This has been established 
by the work of Sherman and his co-workers [1921, 1925, 1926] and confirmed 
by the work of McCollum and other workers on rickets. 

McCollum e¢ al. [1921] were the first to point out and emphasise the fact 
that the ratio between the calcium and phosphorus in the diet was of infinitely 
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greater importance than the absolute amounts of the salts themselves. He 
showed thata deficiency of phosphorusin a diet, insufficiently supplied with “ fat- 
soluble A,” gave rise to rickets only when the calcium was present in an amount 
which gave a calcium-phosphorus ratio considerably above the optimum. 

It is suggested that the importance of the ratio between the quantities of 
calcium and phosphorus in the diet is due to the fact that either excess of 
calcium or phosphorus, by precipitation of insoluble calcium phosphate in the 
intestine, would diminish the amount of phosphate absorbed. 

Mellanby [1921] showed this to be the case with excessive amounts of 
phosphorus. The importance of this ratio has also been emphasised by Elliot, 
Crichton and Orr [1922] for pigs, and by Shohl, Bennett and Weed [1928] for rats. 

In the present work this important relationship between the calcium and 
phosphorus has been studied in human milk. The latter is the natural food of 
the child during the first six months of life and therefore this ratio in milk 
should be the best for its nutrition and growth. 

From the work already recorded on the variations in the percentages of 
calcium and phosphorus during the course of lactation a similar rise and fall 
in the ratio of these elements per 100 cc. of milk over the same period was to 
be expected. And since the variations in the percentage of P.O; are similar 
to those of the CaO but are not so great, there should result less variation 
during the course of lactation in the ratio between these two elements than in 
the case of the elements alone. 


It is found that this ratio, averaging over the same periods as before, does 
not show a large variation. The ratio rises a little from the first to the fourth 
month of lactation and then falls during the later months to a value less than 
that in the early weeks (Table VIII). 


Table VIII. 
Period of lactation 1-2 weeks l month 2-4months 5-10 months 


Average ratio CaO/P,0; 1-35 1-34 1-42 1-25 
4-6 months 


7 10 months 
Ca/P 2-2 2-18 2-3 2.02 
No. of samples 11 4 29 17 
Although the average ratio over the whole course of lactation does not vary 
much, the individual variations are greater, varying from 0-81 to 2. 
Out of the 61 samples investigated only 9 were between 1-8 and 2, of these 
7 came in the period two to four months. 
On examining the individual ratios it is found that 9 out of the 60 samples, 
i.e. 15 %, have a percentage of P,O, greater than that of CaO, that in 7 samples 
the percentages are equal, and in all the other 45 cases the percentage of CaO 
is higher than that of the P,O;. In many of these cases the ratio is 1-1 or 1-2, 
but in some higher, the mean at the different periods lying between 1-3 and 
1-4. When it has been possible to examine the milk of the same women at 
different stages of lactation the ratio between the percentage of CaO and P,0,, 
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where high, certainly rapidly decreases and in the later months the P,O,; tends 
to become higher than the CaO. 
Cases illustrating this are given in Table IX. 


Table IX. 















Period of Ratio 
Case lactation Ca0/P,0, 
H 6 weeks 1-88 
3 months 1-26 
B 2 months 1-9 
3 months 1:3 
G 4} months 1-27 
5 months 0-94 
6 months 1-08 
B 3 months 1-8 
6 months 0-91 
Ha 9 months 1-01 
10 months 0-81 





Although Schabad [1911] says it is not always possible during the first 
three months of life clinically to diagnose rickets, apparently all the children 
of the cases examined, with the exception of about two, were healthy children. 
Therefore our results show that, during the first six months of lactation, a 
ratio of CaO/P,0; per 100 cc. of milk greater than 1 and approximating to 1-3 
is probably the ratio most suitable for the child provided the vitamin factors 
are adequate. 

That the factor can vary within quite wide limits is also evident and to be 
expected considering the extraordinary variability and adaptability of the 
human organism. 

Since the ratio during the seventh to tenth months is decreasing (the only 
high ratio 1-7 bemg that of a mother with a rickety child, the high ratio being 
due to a low phosphorus content), it is possible that with milk after the tenth 
month, which we have not been able to obtain, the average ratio might 
become 1 or less than 1. 

This wide variability of the calctum/phosphorus ratio is in accord with the 
work on rats which has been done in connection with rickets. Shohl, Bennett 
and Weed [1928] give the ratio Ca/P used by different workers [Boas, 1924, 
1926; Medes, 1926; McCollum, 1922; Osborne and Mendel, 1913] as most 
suitable for their experimental diets and the ratio varies within the limits 1-2. 

Telfer [1924] suggests that in milk a slight excess of phosphoric acid over 
the calcium equivalent necessary for bone formation is required for the growth 
of the soft tissue. In the case of his own results, however, out of 27 analyses 
of the milk of town dwellers, only two show a percentage of PO; greater than 
that of CaO. These cases Telfer considers abnormal, as in the analyses of the 
milk of 12 country women, 7 showed a higher percentage of PO; than of CaO, 
2 an equal percentage, and only 3 a lower percentage. 

The results of other workers, Schabad [1911], Schloss [1911], Sdldner 
[1896], Burhaus and Smith [1923], confirm the variability of this ratio and show 
a higher percentage of calcium oxide in by far the greater number of cases. 
Our results are certainly taken from samples of milk of women living in 
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the poorer districts of London, but, considering the variations in the ratio, 
that the ratio is nearly always greater than one, that the children are healthy, 
and that many samples have been analysed, is there not some other physio- 
logical explanation for this ratio? 

Sherman and Quin [1926], in their work on rats, showed that, during the 
suckling period, while there was a considerable increase of the soft tissues, 
where the phosphorus would be in organic combination, the largest gain in 
calcium and phosphorus was due to the deposition of these elements in the 
bones, and that, as tricalcium phosphate contains three atoms of calcium to 
two of phosphorus, the rapid gain of this substance must increase the ratio of 
the calcium to the phosphorus in the body as a whole. They found that at 
birth the atomic ratio of calcium to phosphorus in the body was 3: 5 and that 
this had become 1 : 1 before the end of the suckling period. They showed that 
well within this period the percentage of calcium overtakes the percentage of 
phosphorus in the body. 

If the same factors are operating during the suckling period of the child, 
the fact that the percentage of calcium oxide in the food, the mother’s milk, 
is greater than that of the phosphoric acid has an explanation. 

In support of this we have the fact that during the first six months of its life 
a baby doubles its weight at birth. The ratio CaO/P,O;, in tricalcium phosphate 
is about 1-2 and the mean of our ratios falls between 1-3 and 1-4. The gradual 
decrease in the ratio towards the end of lactation runs parallel with the decrease 
in the percentage of calcium oxide and phosphorus pentoxide during the later 
months, the decrease in the calcium being more marked than that of the 
phosphorus pentoxide. 

There may be some differences in the milk of mothers living in the country 
and in towns as Telfer suggests, but the fact that nature produces a diet richer 
in calcium than phosphorus and the children bred on it are healthy must have 
some physiological explanation. The work of Sherman and Quin seems possibly 
to offer an explanation of the results recorded in this paper?. 


SUGAR. 


Fifty-five samples of milk have been examined at different periods of 
lactation after the first fortnight (Table X). The method of estimation of 
lactose was that of Folin and Denis [1918]. 

There are two conclusions to be drawn from the results obtained. 

(1) The percentage of sugar in early milk is at its lowest value. 

(2) By the end of the first month the percentage has risen to an average 
which does not materially alter throughout the whole course of lactation up to 
at any rate the tenth month (no examination having been made of later milk). 


1 (Note added 13th April, 1930.) Parsons (Brit. Med. J. 1927, ii, 780) states that ‘to obtain 
the maximum absorption of both calcium and phosphorus the diet should contain amounts of 
these elements sufficient in quantity and properly balanced. The percentage of calcium in the 
diet should be greater than the percentage of phosphorus.” 
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Table X. 


Period of lactation Ist-14th day 3-4 weeks 2-4 months 5-7 months 8-10 months 


Average lactose (g. per 5-845 7-08 7-099 6-93 7-09 
100 ec. milk) 2 months 
7-18 
3-4 months 
6-97 


Range of average 6-72-7-38 5-83-7-35 
1 sample 
8-4 


No. of samples 2 29 12 


To compare the percentage of lactose in early milk, that is up to the end 
of the first fortnight, with that found by other investigators, it has been found 
convenient to tabulate the results in days and these are given in Table XI. 

No other observations have been recorded over the whole consecutive 
fourteen days for comparison with our results. 

Although the numbers fluctuate a little there is a steady rise in the pro- 
portion of sugar during this period up to an average of 6-89 g., culminating in 
a value over 7 by the end of the first month. 

Bracketed numbers refer to number of samples analysed. 


Table XI. Lactose (g. per 100 cc. milk). 


Camerer 
Hammett and Séldner Séldner 
Authors [1917] [1896, 1898] [1896] 


4-782 (2) 
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6-21 (8) 


6-32 (8) 
6-42 (7) 
(11) = 
(5) = 
(2) e 

Schlossmann [1900] recorded a value of 6-92 g. for the ninth to tenth day 
and Holt, Courtney and Fales [1915] gave an average of 6-5 for the first twelve 
days of lactation. 

There is general agreement that during the first fortnight the average, 
although gradually rising, never rises to the figure 7 which is characteristic of 
mature milk. 

From our results and those of Camerer and Séldner, it is probable that the 
percentage of sugar on the first day lies between 4 and 5, but too few samples 
have been examined on this day to establish this point. 

The comparison of our numbers for the percentage of sugar in the later 
months with those of other workers is shown in Table XII. 
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Table XII. 


Holt, Camererand 
Schlossmann Courtney Séldner 
Period of Schabad (1902, 1904] and Fales Séldner ([1896, 
lactation Authors [1911] po [1915] [1896] 1898] 
3-4 weeks 7-08 (2) aan - 6°81 (65) 7-81 7-15 (4) 652 (15) 
from llth 12th-30th 6-36 (4) 
day day 6-36 (7) 
5-54 (1) 
2 months 7-18 (14) “7 (2 “O01 (é 7-05 (56) — — 
3-4 months 6-97 (15) 4-75 -35 (56) 687(53)  7-98(10) 7-42(3) 6-81 (14) 
6-66 (5) 


5-7 months 6-93 (12) 4-36(2) 7: 6-89 (64) 8-15 (3 — Te 

8-10 months 7-09 (12) 5-48 (5 = 7-33 (17) 7-66 7-28 (1) 6-78 (10) 
(54-11 
months) 

10-20 months _— — 7-41 _ 2 

Although our figures differ to a certain extent from those of the other 
workers, their general significance is the same. They all seem to indicate that 
there is an average percentage of sugar in milk which is well maintained 
throughout the course of lactation. 

A different level of average percentages is to be expected where, as in all 
this work, the average is taken from a study of a large number of different 
individuals, as individual variations certainly exist. Schlossmann, for instance, 
finds in the case of some women a percentage of lactose as high as 10-75, while 
out of all our 55 samples only one was as high as 8. Considering also the 
variation in the methods of analysis of the sugar the differences in the averages 
are no greater than would be expected. 

Hammett [1917] commented on the fact that the sugar estimations of the 
American workers were higher than those of others and certainly the results 
of Holt, Courtney and Fales [1915] are distinctly above those of the other 
workers recorded. Schabad’s [1911] numbers are the only ones which are 
markedly different from all the others, the average being between 4 and 5 g. 
per 100 cc., the proportion associated by us with milk of the first few days of 
lactation. He also gets a very noticeable rise during the last few months. The 
small number of Schabad’s samples may account for his figures. 

In those cases in which we have been able to examine the milk of the same 
women at different stages in the lactation, there seems to be little variation in 
the percentage of the sugar except in two cases not included in the table. 

This is evident from the cases quoted in Table XIII. 


Table XIII. 
Lactose Lactose 
Case Month (g. per 100 cc.) Case Month (g. per 100 cc.) 

A 5 6-8 | £E 7-35 
7-05 | 7°35 
B < 7-02 F 7-03 
5 7-00 7-18 
Cc ‘ 7-31 G 6-97 
7-18 7-34 

6-94 

6-90 


oe— aH Dor 
Rob Hales CORO nope alco 
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We have no explanation to offer of the two exceptions, nor has Schlossmann 
for similar variations that he records. 

From the few cases at present examined, however, a pathological condition 
of the breast seems to influence the sugar percentage. 

In one case, five days after birth, the percentage of sugar was 4-27 and in 
another case, fifteen days after birth, the percentage was only 3-97 and 3-65. 

Tn all these cases the breast was very engorged and the percentage of sugar 
was found to be much below the average for the period of lactation. 

Myers [1927] also gives a case of abscess of the breast, where at four and a 
half months the percentage of lactose is 2-16. 

The low values for the sugar of early milk are of interest in comparison 
with the very general practice in the artificial feeding of young infants of the 
use of a highly sweetened food. 

PROTEIN. 

In the case of early milk it was shown that the highest percentage of protein 
occurred in the first three days after parturition and that the level fell steeply 
during the first week, to reach an approximate average of 1-4 % at the end of 
the thirteenth day. The present work on later milk shows that although after 
the first month the level is fairly constant for some months, yet a very slow 
continuous decrease is taking place from 1-4 at the end of the first fortnight to 
0-9337 during the last month of lactation. 

This gradual decrease is shown in Table XIV. 


Table XIV. 


Period of Ist-3rd 4th-7th 8th-13th 3-4 3and4 5and6 9-10 
lactation day day day wks. 2mths. mths. mths. mths. 
Average protein (g. per 4:357 1-702 1-449 1-175 1-174 1-111 0-9855 0-9337 
100 cc. milk) 
(g. N x 6-37) 
No. of samples 30 52 26 2 16 19 7 12 
Range of percentages 8-47 2-586 1-984 _ 1-407 1-367 1-032 1-24 
-1-19 1-18 0-98 —  -0-882 -0-891 -0-961 -0-803 


1 only — 2 only 3 under 4 under 9 under 
under 1 under 1 1 1 1 
and2 4 above 2, 1-035 
only over 1-158 
25 


There are several points of interest arising out of the above results. 

(1) The percentage of protein during the first three days after parturition 
in milk rises in some cases to 6, 7, or 8, the highest value recorded being 8-4. 

Other workers have noted high protein in early milk. Sdldner [1896] 
records one between 5 and 6 % for the second day, Holt, Courtney and Fales 
[1915] 2-06 for the third day, and Hammett [1917] 5-79 for a third day, but no 
numbers are recorded as high as ours. 

Among our estimations of the protein in milk during the first three days of 
lactation 6 are made on milk taken the first day after parturition, giving an 
average of 7-48 %%, and 8 on the second day, giving an average of 4-58 %. This 
accounts for our high early values compared with those of other workers, for, 
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with one or two exceptions, their earliest estimations are made on the third day 
of lactation. 

It was thought possible, and suggested in our previous paper, that the high 
percentage of protein in the colostrum period might be connected with the 
small quantity of milk available at this period. Our earlier experiments [1927] 
support this explanation. 

(2) It was also noticed in the cases examined that the initial protein values 
for the primiparae were in all cases much higher than those of the multiparae. 
The figures for the latter fell to a constant level much more rapidly than did 
those for the former. Since no distinctions of this kind have been recorded by 
other workers, comparison on this point is not possible. 

In comparing values of the percentage of protein in milk it must be borne 
in mind that the several workers in this field have used different factors for 
converting the protein nitrogen obtained from the precipitated protein into 
protein itself. The factor used in this work is 6-37. Sdéldner, Schlossmann, 
Holt, Courtney and Fales use 6-25, Hammett and Bell 6-38. 

In comparing the figures of these workers with ours, Séldner’s numbers 
have been corrected to the 6-37 factor, but those of Schlossmann, Holt, 
Courtney and Fales are their recorded values. 

(3) From the first day of lactation to the end of the first fortnight there is 
a rapid decrease in the average percentage of protein, the number falling from 
an average of 4-357 to 1-449. 

(4) During the first and second months the level of the protein remains 
fairly constant. As lactation progresses, however, there is undoubtedly a 
gradual and continuous decrease to an average of about 0-9337 in the tenth 
month. This gradual decrease is also found by other observers. 

(5) It is of interest that our range of numbers after the first fortnight are 
in accord with those of Séldner, the values in both series being considerably 
below those of Schlossmann and lower than those of Holt, Courtney and Fales. 
In the case of the latter workers the final average approaches ours, but not 
until much later in the course of lactation. Between five and six months our 
average is 0-9855 g. protein per 100 cc., while theirs becomes 0-972 after the 
tenth month. 

A comparison of our results with those of other workers can be seen in the 
collected results in Table XV. 

The average percentage of protein in mature human milk is recorded as 
1-5 by Feldman [1927] and 1-6 by Sherman. 

Our results suggest that after the first month of lactation a distinctly lower 
percentage of protein than 1-5-1-6 is present in milk, and that no single value 
can be taken as representative of the percentage over the whole course of ten 
months. 

The fact that it has fallen to 0-934 by the end of the tenth month does not 
mean that the child is requiring less protein, as any slight lowering of the per- 
centage of protein during the late months is counterbalanced by the larger 
volume of milk consumed. 





Authors 
g. N x 6-37 per 
100 ee. 

Camerer and Séld- 
ner [1896, 1898] 
g. Nx6-37 per 
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Table XV. Average protein (g. per 100 cc.). 


1-3 
days 
4-35 

(30) 


2-05 
(1) 
1-624 


8-13 
days wks. 
1-449 1-175 
(26) (2) 


4-7 3-4 
days 
1-702 
(52) 


1-77 


(3) 


2 3-4 
mths. 
1-174 
(16) 


1-111 
(19) 


1-019 

(14) 

3-43 
mths, 


mths. 


7-10 

mths. 
0-934 
(12) 


5-6 

mths. 

0-9855 
(7) 


0-873 
(10) 

54 and 
over 


100 g: (1) 

Schlossmann _ 
[1900] 

g. N x 6-25 
per 100 g. 

Holt, Courtney and 1-05 
Fales [1915] ‘ ( 2) 
g. N x 6-25 
per 100 cc. 

Hammett [1917] 
g. N x 6-38 per 
100 g. 


1-50 
(60) 


1-99 
(30) 


1-54 
(60) 


0-972 


(10) 


1-141 
(8) 


1-13 
(3) 





1-64 1-57 
(16) (15) 
5and7 9and 11 
days days 
2-0 1-73 
(88) (88) 
5th 9th 
day day 


3°52 
(8) 
3rd 
day 
Bell [1928] — 
g. N x 6-38 per 
100 g. 


1-30 

(88) 
5-6 wks. 

1-21 

(88) 
6-8 wks. 

Since human milk is the natural food of the child during its first six months 

of life these results should be of interest from the point of view of the pre- 


paration of artificial foods for infants. 


SUMMARY. 


1. The compusition of human milk has been studied in the later stages of 
lactation and the calcium, phosphorus, ash, sugar and protein constituents 
compared with their proportions in early milk. 

2. The percentages of calcium and phosphorus follow parallel curves 
throughout the course of lactation, though the variations in phosphorus 
are less than those in calcium. The percentage of both is less in the early 
weeks, rising to a maximum at the end of the second month, then slowly 
declining to the end of the tenth month. The relationship between the volume 
of milk assimilated and the percentage of calcium and phosphorus is noted. 

3. The percentage of ash is shown to be highest during the first two weeks 
and then falls continually throughout lactation, the steepest fall being during 
the last month. 

4. The percentage of both the calcium oxide and phosphorus pentoxide 
gradually rises in the ash to reach a maximum during the last months. That 
of the calcium oxide rises from 15-5 in the early weeks to 26-1 in the later 
months, while that of the phosphorus pentoxide rises from 13-56 to 21-13. 

5. The ratio of the percentage of calcium oxide to that of phosphorus 
pentoxide in the milk has been studied at the different periods. It is shown to 
have a rise and fall following the corresponding rises and falls of the calcium 
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and phosphorus, but the variations are not great. The average rises from 1-35 
to 1-42 and falls to 1-25 during the last months. 

6. The fact that in the larger number of samples the percentage of the CaO 
is greater than that of the P,O, is discussed and an explanation suggested. 

7. The percentage value of the protein decreases rapidly from a very high 
value immediately after parturition to the end of the first month, and then 
gradually but continuously till it reaches an average of about 0-9337 by the 
end of the 10th month. 

8. The figures for the average percentage of protein from the end of the 
first month till the tenth suggest that this is not a fixed value and that it has 
a lower average than 1-5 which is usually taken. 

9. The percentage of sugar is at its lowest value in early milk. After the 
first month it varies little throughout lactation. 

10. In those cases examined in which there was a pathological condition 
of the breast, the percentage of sugar is affected and the value lowered. 


We wish here to thank Dr Chodak Gregory, Dr Olivier Richards and 
Miss Liddiard for affording us the facilities for obtaining the material for this 
study and Prof. Winifred Cullis for help and advice throughout the work. We 
also wish to thank the Medical Research Council for their help in the present 


investigation. 
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THE striking difference between the fermentation of living yeast and that of 
the juice prepared from it is well known [Harden and Young, 1906]. A living 
yeast for example may ferment in an excess of sugar solution at a rate of 
10-15 ec. CO, per 5 minutes for 2 g. of pressed yeast. The fermentation is 
unaffected by the addition of phosphate except in high concentrations, when 
a slight inhibition may occur. The yeast juice prepared from such a yeast 
ferments at 1/20-1/40 of this rate; the addition of phosphate to the juice 
produces temporarily a rate of the same order as that of the original yeast, 
which falls to the normal as the phosphate becomes esterified, but can be main- 
tained indefinitely in a suitable concentration of arsenate [Harden and Young, 
1911]. It seemed of interest to determine at what point in the preparation 
of yeast juice, or by what reagents or treatment, this modified fermentation 
was produced. 

The preparation of yeast juice is usually carried out by grinding fresh 
pressed yeast with equal parts of silver sand and kieselguhr, and pressing 
out the ground mass after the addition of more kieselguhr in a hydraulic 
press. It is apparent that changes may occur either in the preliminary 
grinding, or by the retention of active material in the residue during pressing, 
or in both processes, and these were the possibilities first investigated. 


Experiments on grinding yeast. 


150 g. of fresh pressed brewery top yeast were mixed thoroughly with 
150 g. of sand. A portion was removed to determine the original rate of 
fermentation, and the remaining mass ground in a mill, samples being re- 
moved at regular intervals for examination. The fermentations were carried 
out in the apparatus of Harden, Thompson and Young [1910] at a tem- 
perature of 30°. 4g. of each sample (containing 2 g. yeast) together with 
2g. fructose and 20 cc. H,O were incubated, the rate of fermentation and 
the response to phosphate being determined. Fig. 1 illustrates a typical 
experiment. 

It will be seen that the fermentation rate (cc. CO, per 5 minutes) diminished 
approximately in proportion to the duration of grinding; after grinding for 
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1 hour (curve c) the rate had fallen from 13-5 cc. to 2-5 cc., and rose to 
10 cc. on addition of phosphate, giving a typical phosphate curve. Micro- 
scopic examination of the ground mass at this stage showed that 70 % of 
the cells were now permeable to methylene blue, but no estimate was possible 
of the number which had been disintegrated by the grinding. Without addition 
of phosphate the rate of fermentation of the ground mass increased during 
2 hours to double the initial value, corresponding then to the final rate after 
addition of phosphate; it is possible that this increase may be due to growth 
of the surviving intact yeast cells. 

It appears from these results that the essential change in the mode of 
fermentation takes place during grinding, and that during pressing only 
secondary effects which may enhance this change can occur. 


tes 


per 5 minu 


CO, 


ec, 


10 20 30 40 50 60 70 80 90 100 
Minutes 


Fig. 1. Fermentation of yeast after grinding. 
a, 2 g. yeast. b, 2 g. yeast ground 20 minutes. 
c, 2 g. yeast ground 60 minutes. 


{ marks addition of 1-2 cc. M K,HPO,. 


Experiments on grinding and pressing with various substances. 

It was thought possible that the presence of the kieselguhr used as packing 
material during grinding and pressing, which could conceivably act as an 
adsorbent of active material, might account for the low basal rate of yeast 
juice. Preparations were therefore carried out in which other materials were 
substituted for the kieselguhr. 

One of the difficulties encountered in the investigation of a series of yeast 
juices is the unaccountable manner in which juices prepared identically from 
different batches of fresh yeast from the same source vary both in their basal 
rate and their power to respond to phosphate. To provide a standard for 
comparison, it was therefore necessary on each occasion to prepare a juice 
in the normal way with kieselguhr. 

Fresh pressed brewery top yeast was used throughout. The yeast was 
mixed with sand and the material to be tested, and ground to the usual 
consistency. After standing for 2 hours the ground mass was pressed out, 
and the volume and py, of the juice were determined. Duplicate flasks were 
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prepared containing fructose and a measured volume of juice and placed in 
a thermostat at 30°; the basal rate of fermentation and the phosphate rate 
were then determined. There was on occasion a noticeable difference in py 
between the experimental juice and the parallel kieselguhr juice, and in those 
cases a portion of the control juice was adjusted to the same py, without 
appreciable difference to the fermentation; the influence of the py, during 
the fermentation may therefore be discounted, though it may be of im- 
portance in the preliminary pressing. 














Table I. 
Rate cc. CO, per 5 min. 


for 25 ec. juice 








oc oF 
Packing Yield of juice Max. 
Exp. material ce./g. yeast Pu Basal phosphate 

60 CaCO, 100/500 6-0 8-0 51-0 
61 CaCO, 65/500 6-2 11-4 65-0 
Kieselguhr 65/500 6-0 75 74-0 

62 CaCO, 148/500 6-1 5-3 63-4 
Kieselguhr 160/500 5-4 1-9 29-0 
"9 CaCO, 180/500 56 6-0 49-5 
53 Kieselguhr 154/500 5-4 1-5 26-0 
66 Powdered glass 108/500 7-0 6-4 16-7 
Kieselguhr 170/500 5-6 2-4 16-0 






Aluminium oxide, ferric oxide, barium carbonate and sulphate, and 
calcium phosphate gave juices which, though normal in yield and appearance, 
were inactive or of very poor activity. Magnesium carbonate gave a normal 
yield of juice with a basal rate lower than normal, which responded only 
slightly to phosphate; with aluminium hydroxide an extraordinarily poor 
yield was obtained, approximately 10% of the usual volume; the juice 
however had a basal rate of fermentation twice that of the control but a 
phosphate rate of the same order as the control. The orly substances used 
which had any beneficial effect on the fermentation rate were calcium car- 
bonate and powdered glass. With calcium carbonate both the yield and the 
Py Of the juice obtained corresponded fairly closely with the control, but the 
basal fermentation rate was doubled or trebled. Table I shows some of the 
values obtained for the juices. Microscopic examination showed that both 
with the calcium carbonate and the kieselguhr, the number of cells in the 
ground mass permeable to methylene blue was the same, about 70 %. 

To determine whether any active material could be adsorbed by kieselguhr, 
50 cc. portions of the juices prepared with CaCO, were mixed with 5g. 
kieselguhr, allowed to stand at room temperature for 10-30 minutes, and 
then filtered. On determination of the fermentation rate of the filtrate a 
slight diminution in the basal rate was observed; on one occasion the rate 
fell from 11-4 cc. CO, for 25 cc. to 9-5 cc. after treatment, and on another, 
from 5-3 cc. to 3-1 ce. 
In the latter case the kieselguhr residue was suspended overnight in 
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20 cc. 0-1M K,HPO,, and the filtrate tested for the presence of hexose- 
phosphatase by its hydrolysing action on potassium hexosediphosphate. It 
was found that 10 cc. filtrate, equivalent to 25 cc. original juice, liberated 
0-4 mg. P in 5 minutes, which corresponds to a rate of 0-29 cc. CO,, whereas 
the diminution in rate of the juice was 2-2 cc. Though the elution was far 
from complete, it demonstrated that active material was adsorbed on the 
kieselguhr. It was apparent, therefore, that though the main diminution in 
rate originated in the grinding of the yeast, the quality of the packing 
material might account for a decrease in rate up to at least 10 % of the total. 


Effect of chemical reagents on fermentation by yeast. 


The ideal reagent sought after in these experiments was one which, while 
killing the cell so that it was incapable of growth, would leave the fermen- 
tation rate unaffected. This was however not found. The action of some 
reagents has already been investigated. It was shown by Harden [1911] that 
the addition of toluene to fermenting yeast causes a rapid fall in the fermen- 
tation rate until a constant low rate is obtained, while simultaneously the 
yeast acquires the property of responding to phosphate. Kerr and Young 
[1926] showed that benzene, xylene, ether and ethyl butyrate acted in a 
manner similar to toluene, and that after treatment the yeast cells were 
incapable of growth; chloroform, ethyl acetate, amyl acetate and butyl 
alcohol completely stopped the fermentation. 


Table II. Fermentation of yeast in presence of various reagents. 


Rates, cc. CO, per 5 min. 
_——__. Reaction % cells 
Reagent Original Afteraddition to PO, stained 
Formaldehyde 2 % 44 4-0 15-20 
Phenol 0-25 % 32 16-0 . 

» 05% 30 1-0 
Pyridine 2-2 % 22 7-0 ; 
Propyl alcohol 7-5 % 28 9-0 80 
Quinone 2-5 % 26 15-0 . 

” 1% 26 28 
Toluene 32 ys 100 
Benzene 32 f 100 
Carbon disulphide 28 2-0 100 
Petroleum 12-5 % 27 3°! : 100 
Light petroleum 6-25 % 30 “€ + slow 75 


A list of the reagents now investigated is given in Table II. The fermen- 
tations were carried out with fresh pressed brewery top yeast. A series of 
flasks was prepared containing a weighed amount of yeast, fructose and 
water and placed in a thermostat at 30°. When a steady rate of fermentation 
was obtained, usually after 10-15 minutes, the reagent to be tested was 
added to the flasks and the subsequent fermentation measured. After the 
rate had again become constant, the response of the fermenting mass to added 
phosphate was determined. A typical experiment is illustrated (Fig. 2). 

(a) 8g. pressed yeast +3 g. fructose + 40 cc. H,O. 


(b) 8g. A +3 g. ms +40 cc. H,O +5 ce. carbon disulphide. 
(c) 8g. 7 +3g. 4, +40cc. H,0+4 cc. 4% formaldehyde. 
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In Fig. 2 the arrow marks the addition of 2:-4cc. M K,HPO, to 
b and c, the dotted portion (b’) of curve b representing the fermentation in 
absence of phosphate. In some cases a count was made microscopically of 
the proportion of cells staining with methylene blue after treatment with 
the reagent. 

It will be seen that the fermentation was effected in one of two ways by 
the reagents tested. The first group, which includes phenol, pyridine and 
formaldehyde, reduced and with increasing concentration finally stopped the 
fermentation. No response to added phosphate occurred, indicating that the 
fermenting capacity was definitely lowered or destroyed; the cells, however, 
were not necessarily so injured that they stained with methylene blue. The 
second group, to which toluene, benzene and xylene were already known to 
belong, all reduced the fermentation roughly to the same degree, about 1/20 
of the normal. The treated yeast then reacted with phosphate to give a definite 
phosphate rate, approximately 40-60 % that of the original yeast, and this 
rate could be maintained in the presence of arsenate. Moreover, on staining 
with methylene blue practically 100 % of the cells were permeable to the dye. 


ec. CO, per 5 minutes 





10 20 30 40 50 60 70 80 90 100 


Minutes 
Fig. 2. Effect of reagents on fermentation by yeast. 
a, Normal. b, In presence of carbon disulphide. 


c, In presence of formaldehyde. 

{ marks addition of K,HPO,. 

Assuming that in the living yeast fermentation takes place according to 

the equations of Harden and Young: 
2C,H,.0, + 2R,HPO, > 2CO, + 2C,H;OH + 2H,0 + C,H, 0,(PO,R,)., 
CH 90,(PO,R.). + 2H,O > C,H,,0, + 2R,HPO,, 

or some similar equations, the enzymes must be so balanced as to produce 

the optimum concentration of phosphate. In the treated yeast, the limiting 

factor, as evidenced by the response to phosphate, is the hydrolysis rate of 

the hexosephosphates produced. The results quoted above lead to the con- 

clusion that injury to the yeast cell, of which grinding is the extreme case 

and drying, and treatment with acetone, toluene etc. are intermediate grada- 

tions, results not in any significant diminution of fermenting capacity but in 

an inability to maintain a high rate and is confined to some special mechanism 
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or organisation existing in living yeast which permits a more intense action 


of the hexosephosphatase. 
The possibility therefore exists that by suitable treatment a substance 


could be extracted from yeast which would accelerate the action of hexose- 
phosphatase and so increase the basal rate of yeast preparations, e.g. yeast 
juice or zymin, in a manner similar to arsenate. 


Search for an accelerator of hexosephosphatase in yeast. 

All attempts to prepare such an extract from living yeast, as by autolysis 
or plasmolysis, rubbing in a mortar etc. failed completely. Autolysis of a 
dried baker’s (Dutch) yeast, which is a very active preparation fermenting 
at a rate 40 % that of living yeast, gave an extract accelerating the fermen- 
tation of zymin. 100g. of dried yeast with 200 cc. H,O were incubated for 
16 hours at a temperature of 30° and the clear brown liquid separated by 
filtration. The accelerating power was measured in the following manner. 
Duplicate flasks were prepared containing 2 g. zymin, 2 g. fructose, 2-4 ec. M 
K,HPO, and 10 ec. H,O, and placed in a thermostat at 30° till a constant rate 
of fermentation was obtained. Preliminary experiment showed that this 
quantity of phosphate was sufficient to give the optimum concentration of 
phosphoric esters necessary for the maximum basal rate [see Boyland, 1929] 
and therefore no error would be incurred. by the subsequent addition of 
extracts containing phosphate. A known volume of the autolysate was added 
to one flask and an equal volume of H,O to a control flask, and the fermen- 
tation rate measured. In one experiment, the rate of fermentation was raised 
from 3-3 to 6-9 cc. CO, per 5 minutes, and in another from 3-85 to 8-05 cc. 
by the addition of 15 cc. autolysate. The acceleration was not produced if 
the autolysate was boiled previously to addition. Further examination of 
the autolysate showed that it contained an active hexosephosphatase. The 
hydrolysing power for potassium hexosediphosphate was measured under 
standard conditions at p, 7-0, the inorganic phosphate liberated being esti- 
mated by a modification of Briggs’s method. In one case 15 cc. autolysate, 
which produced an acceleration of 4-20 ec. CO, per 5 minutes in the rate of 
fermentation of zymin, hydrolysed 57-0 mg. P in 2 hours, corresponding to 
a rate of 1-8 cc. CO, per 5 minutes and thus accounting for 43 % of the 
acceleration. The figures obtained cannot fairly be compared, however, as the 
conditions existing during fermentation and hydrolysis are necessarily very 
different. 

Attempts were made to separate the hexosephosphatase from any 
accelerating agent which might be present by means of precipitation with 
alcohol or saturated ammonium sulphate and by dialysis, but without success. 
From this point of attack, it remains impossible at the moment to decide 
whether the added hexosephosphatase alone is responsible for the acceleration, 
or whether it is accompanied by an accelerating system with which it is closely 


associated. 
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SUMMARY. 


1. Investigation of the manner of preparation of yeast juice shows that 
at least 80 % of the diminution in the rate of fermentation which occurs may 
be ascribed to the process of grinding, during which the yeast acquires the 
power of responding to phosphate. A further loss is incurred during pressing 
by the use of kieselguhr, which adsorbs active material. 

2. The effect of various reagents on the fermenting power of yeast is 
described. 

3. The conclusion is drawn that the treatments described affect mainly 
the mechanism of hexosephosphatase action. 

4. An account is given of the preparation, by autolysis of dried baker’s 
yeast, of an extract containing hexosephosphatase and accelerating the 


fermentation rate of zymin. 
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LoxuMANN [1928, 1] has isolated pyrophosphate from plants, the muscles of 
many animals and from living yeast. He has shown [1928, 2] that about 
one quarter of the total phosphorus present in both brewer’s and baker’s 
yeast occurs as pyrophosphate. More recently Lohmann [1929] has suggested 
that the pyrophosphate of muscle is combined with adenylic acid and may 
be concerned with ammonia production. 

This idea is supported by the results obtained by Eggleton and Eggleton 
[1929] on the phosphorus compounds of muscle, and by the work of Embden, 
Hefter and Lehnartz [1930]. 

In studying the reaction of orthophosphate with zymin and yeast juice, 
Harden and Henley [1927] found that often only about 90 % of the theoretical 
amount of carbon dioxide was evolved. It is probable that the deficiency in 
carbon dioxide evolution is really due to depression of the basic fermentation 
to an unknown extent. The deficiency might, however, have been due to 
formation of pyrophosphate, but the present work shows that not to be the 
case. 


EsTIMATION OF PYROPHOSPHATE. 


Lohmann [1928, 1] and Eggleton and Eggleton [1929] have estimated the 
pyrophosphate of muscle as the phosphate liberated by hydrolysis for 7 minutes 
in N HCl at 100°. This gives reliable results with muscle, where there is no 
hexosediphosphate, but it cannot be applied to yeast preparations in which 
most of the phosphorus is usually present as the diphosphoric ester. In N HCl 
at 100° in 7 minutes hexosediphosphate loses about a third of its phosphorus 
as free phosphate. For this reason the old method of estimation of pyro- 
phosphate could not be applied to yeast preparations. 

In order to estimate pyrophosphate and hexosediphosphate it was necessary 
to find a method of separating these two compounds. Lohmann [1929] suggests 
that they can be separated as barium salts in slightly acid solution (py 4:5), 
but on trial this method was found to be not quite quantitative. Attempts 
were made to separate these two phosphates as the uranium, copper, chromium 
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and iron salts, but largely on account of the complex pyrophosphate com- 
pounds, none of these methods gave a reliable separation. Finally the barium 
salts were used. While both barium ortho- and pyro-phosphate are insoluble 
in neutral solution, the salt of hexosediphosphate is soluble to the extent of 
0-6 % in cold water. 

The filtrate from the trichloroacetic acid precipitation was diluted until it 
contained less than 0-5 mg. phosphorus per cc. and was then treated with 
cold barium hydroxide solution till neutral to phenolphthalein and kept at 5° 
overnight. The organic phosphorus (hexosediphosphate and hexosemono- 
phosphates) was estimated as the phosphorus left in solution as barium salt. 
The precipitate was removed by centrifuging and washed. It was then dis- 
solved in dilute hydrochloric acid, the insoluble matter being removed by 
centrifuging and estimated as nucleic acid. The hydrochloric acid solution 
was again precipitated with barium hydroxide and the precipitate was 
assumed to be a mixture of ortho- and pyro-phosphate. By determination of 
the orthophosphate and total phosphorus present a figure was obtained for 
the pyrophosphate. 


THE PHOSPHORUS COMPOUNDS OF LIVING YEAST. 


The method was first used to estimate the phosphorus compounds of living 
yeast. Fresh brewer’s yeast pressed to 4 ton per square inch was ground with 
trichloroacetic acid and an extract obtained by centrifuging. The results of 
analysis of the extract are shown in Table I along with similar figures given 
by Lohmann [1928, 2]. It should be noted that Lohmann heated his acid 
extract to 100° which might cause some hydrolysis and increase in the amount 
of orthophosphate present, and in his method of determination some of the 
hexosediphosphate would be estimated as pyrophosphate rather than organic 
phosphorus. Considering this fact the figures are in satisfactory agreement. 


Table I. Phosphorus compounds of yeast. 


mg. P per g. yeast. 
- From Lohmann [1928, 2] 





English MX — 

brewer’s yeast Baker’s yeast Brewer’s yeast 
‘Total phosphorus 3-25 3-28 3-00 
Orthophosphate 1-37 1-61 1-54 
Pyrophosphate 0-68 0-79 0-69 
Organic phosphorus MET 0-88 0-77 
Hexosediphosphate 0-38 _ — 
Hexosemonophosphate 0-72 — —— 
Nucleic acid* 0-07 — — 


* The precipitate of nucleic acid was washed well with water so that some may have been lost. 


THE REACTION OF PYROPHOSPHATE WITH YEAST PREPARATIONS, 


The effect of adding pyrophosphate to a zymin fermentation was studied 
in the hope that it would throw light on the function of pyrophosphate in 
yeast. Pyrophosphate reacted in the same manner as orthophosphate but 
the delay in the reaction was a little longer. 
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The various amounts of phosphorus compounds present during the pro- 
gress of the reaction were estimated by extension of the methods previously 
described [Boyland, 1929]. The results of such an experiment (Table II and 
Fig. 1) clearly indicate that the first change after the addition of pyrophos- 
phate is the conversion of that salt into the orthophosphate, which then 
reacts in the usual way. Zymin and other preparations must therefore contain 
an active pyrophosphatase such as Kay [1929] has described as occurring in 
most mammalian tissues. The necessity for this conversion explains the 
slower liberation of carbon dioxide as compared with orthophosphate. 


P esterified 
CO, evolved 


@ 
. 
o 


Nt 
. 
Oo 


< 
° 


Pyrophosphate 
Orthophosphate 


Millimolecules CO, and milliatoms P 


20 30 40 


Time (minutes) 


Fig. 1. Fermentation of fructose by zymin in presence of pyrophosphate. 


Table II. The reaction of potassium pyrophosphate with fermenting zymin. 


2 cc. M K,H,P,0, added to 4 g. zymin in 25 ce. 10 % fructose solution. 


Time after 
addition of Pyrophosphate Orthophosphate Organic phosphate Carbon dioxide 
pyrophosphate present present formed liberated 
(min.) (milliatoms P) (milliatoms P) (milliatoms P) (millimols) 


j 3-5 0-18 — 
1-2 2-36 1 0-10 
0-8 0-98 9: 1-24 
0-5 0-13 . 2-50 
0-1 0-02 “t 3-20 
0-1 0-02 3-1 3-20 


PYROPHOSPHATE IN FERMENTING YEAST JUICE AND ZYMIN. 


Yeast juice and zymin fermentations were carried out in the manner 
described in a previous paper [Boyland, 1929] with and without added phos- 
phate and stopped in equilibrium by the addition of trichloroacetic acid. The 
amounts of orthophosphate, pyrophosphate and organic phosphate were then 
estimated in the trichloroacetic acid filtrate (Table ITI). 

It will be seen that no appreciable amount of pyrophosphate is formed in 
the reaction and that it can be neglected in calculating the ratio of phos- 
phorus esterified to carbon dioxide evolved. 
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The constant amount of pyrophosphate which occurs and remains un- 
affected by pyrophosphatase in the reaction is probably combined with 
adenylic acid in the way that Lohmann [1929] has suggested that it occurs 
in muscle. 

Table III. Pyrophosphate in yeast preparations. 


A. Exp. 146. 5 cc. 0-5.M Na,HPO, added to 2 g. of acetone precipitate of yeast juice in 25 ce. 
10 % fructose solution with acetaldehyde (0-1 °%) present. 


Phosphorus esterified 2-46 milliatoms 
Carbon dioxide evolved 2-40 millimols in 40 min. 
Pyrophosphate before addition 0-21 milliatoms 

- after reaction 0-24 es 


B. Exp. 158. 5cc. M K,HPO, added to 4g. zymin in 25 cc. 10% fructose solution (with 
acetaldehyde). 
Phosphorus esterified 5-0 milliatoms 
Carbon dioxide evolved 4-9 millimols in 60 min. 
Pyrophosphate before reaction 0-04 milliatoms P 
és after a 0-05 a 
Nucleic acid before reaction 0-02 oe 
zo after ~ 0-03 = 


THE ACETONE PRECIPITATE OF YEAST JUICE. 


The deficiency in the amount of carbon dioxide liberated when phosphate 
is esterified by zymin fermentations is probably due to depression of the basic 
fermentation, owing to inhibition of the phosphatase, to an unknown extent. 
But when relatively small amounts of orthophosphate are added to fermen- 
tations the depression is small and under such conditions the carbon dioxide 
production approaches the theoretical amount. 

Confirmation of the equivalence of esterification and gas formation was 
obtained with a preparation of yeast juice which had no basic fermentation 
of its own but reacted to phosphate, if acetaldehyde was present. Such a 
preparation containing no phosphatase could not have its basic fermentation 
depressed in the same way as the fermentation of zymin. Although almost 
90 % of the phosphorus esterified was in the form of hexosemonophosphate, 
the carbon dioxide evolved was equivalent to the esterified phosphate. Results 
of typical experiments with such an enzyme preparation are given in Tables 
III a (for Na,HPO,) and IV. This indicates that the carbon dioxide evolved 
by esterification of phosphate is exactly equivalent to the phosphate no matter 
which ester is formed. 


Table IV. The result of the reaction of pyrophosphate with a fermenting 
preparation of the acetone precipitate of yeast juice. 
Exp. 146 B. 5 cc. 0-6 M pyrophosphate added to 2 g. acetone precipitate in 25 cc. 10 % fructose 
solution. Results expressed in total millimols. 
1-68 millimols Na,P,0, (3-36 milliatoms P) were esterified and 3-12 millimols carbon dioxide 
were evolved in 60 min. 


This dry preparation of yeast juice made by precipitation with acetone 
as described by Buchner, E. and H. and Hahn [1903] was treated with alcohol 
and ether and finally dried in a desiccator over sulphuric acid. For experi- 
mental use the dry powder was ground up with sugar and water; insoluble 
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material was then removed by centrifuging. This removal of the insoluble 
material reduced the basic or hydrolysis rate of fermentation to a considerable 
extent, so that it would appear that hexosephosphatase is more readily 
removed by this treatment than are the other enzymes of zymase. 

A preparation is thus obtained which has no hexosephosphatase but 
reacts with pyrophosphate in the presence of sugar and acetaldehyde. As 
pyrophosphate is hydrolysed before it reacts in this way, the preparation 
must contain a pyrophosphatase, and pyrophosphatase must therefore be a 
separate enzyme, distinct from hexosephosphatase. 

Kay O3e suggested that the pyrophosphatase action of mammalian 
tissues was probably due to orthophosphatase, although Lohmann [1928, 3] 
had shown that pyrophosphatase had a lower optimum py, (7-0) than has 
orthophosphatase (p, 9-0). This difference in optimum hydrogen ion con- 
centration for the two enzymes supports the conclusion drawn above, that 
pyrophosphatase is a distinct enzyme. 


SUMMARY. 


1. A method for the separation of hexosediphosphate and pyrophosphate, 
depending on precipitation of barium pyrophosphate in dilute solution is 
described. 

2. Pyrophosphate occurs in living yeast and forms about a quarter of 
the total phosphorus of yeast. 

3. When pyrophosphate is added to fermenting zymin it is rapidly hydro- 
lysed to orthophosphate which reacts in the usual way, hexosephosphates 
being formed and carbon dioxide liberated. 

4. A preparation of the acetone precipitate of yeast juice did not ferment 
sugar (having no hexosephosphatase), but in the presence of acetaldehyde 
reacted with both ortho- and pyro-phosphate to liberate the theoretical 
amount of carbon dioxide and form 90 % hexosemonophosphate. This pre- 
paration must contain pyrophosphatase, which therefore would seem to be 
distinct from hexosephosphatase. 


In conclusion I should like to thank Prof. A. Harden and Dr R. Robison 
for their help and criticism. 
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TOTAL CALCIUM IN BLOOD-SERUM. 
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In a recent paper by Hendriks [1929], in which the application of the method 
of Trevan and Bainbridge [1926] to the determination of the total calcium 
of blood-serum was examined, certain discordant (low) results were attributed 
to a failure to adjust the heating conditions by which the calcium in the form 
of oxalate is converted to carbonate. Overheating leads to the formation of 
oxide which is difficultly soluble in the concentration of acid (N/100) used in 
the titration, while, on the other hand, underheating leaves some unchanged 
oxalate. In each case the final result will be low. 

It seems both from the experience of Hendriks and that of the present 
author that the only weakness in an otherwise admirable method lies in the 
fact that the original authors did not lay down the aforementioned heating 
conditions in terms which would make them readily reproducible by other 
workers. However it was found that this defect could be overcome quite 
easily, and the method of Trevan and Bainbridge, as modified, has been 
used in this laboratory as a routine method practically from the time of its 
publication with entirely satisfactory results. It may therefore be of interest 
to record the modified procedure. 

Following the original method of precipitation and washing of the oxalate 
precipitate, the remainder of the process was carried out in two stages. 

(1) Drying. The special hard glass tube in its wire holder is kept inclined 
at a slight angle mouth downwards and laid on a pipe-clay triangle standing 
on a piece of plain iron-wire gauze stretched over a tripod, so that the tube 
is supported at a height of about 14 inches above the level of the gauze. To 
provide a bed and a slope for the tube, a slight depression is filed in one side 
of the triangle, the mouth being over this depression while the conical end is 
supported over the opposite apex. Drying is begun by heating with a Bunsen 
burner placed under the gauze with the flame directed towards the open end 
of the tube, the heat then being taken gradually along to the closed end. 
Once the tube is dry the heating is increased to drive off the major portion 


of the ammonium oxalate. 
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(2) Ignition. To complete the process the tube is laid directly on the gauze 
itself, and the heating continued along its whole length and especially near 
the point where the calcium is packed. A period of about 5 minutes is allowed 
for this stage. The conversion to carbonate is accomplished well within this 
time, and with the gauze interposed no possibility exists of the process being 
carried too far, even though the Bunsen flame be used at its hottest intensity. 
It is both unnecessary and detrimental to heat in the naked flame. 

For titration the acid is added (0-5 cc. of N/50 is preferred to 1 cc. of 
N/100 acid in that it provides for readier solution) without disturbing the 
solid particles, and with a thin glass rod slightly flattened at the tip, the 
carbonate while remaining at the bottom of the tube is ground as far as 
possible to a fine powder. In this form it goes almost instantly into solution 
when stirred into the acid. 

The reliability of the above conditions may be illustrated by the following 
results. 

(1) Solution containing 10 mg. Ca per 100 cc. 

Mg. Ca per 100 cc. found: 9-93, 9-84, 10-01, 9-90, 10-02. 

This series was obtained from a single sample by reprecipitating at the 
end of the first titration with ammonium oxalate, and repeating the whole 
process to the second and subsequent titrations. 

(2) Normal blood-serum. 

Mg. Ca per 100 cc. found: 10-23, 10-33. 
Clark and Collip’s method [1925]: 10-09. 

The figures show only a slightly greater deviation from the mean than 
those quoted by the original authors,.but such increased experimental error 
as does exist may be justly ascribed to the fact that the results recorded here 
have been obtained under essentially routine conditions, and without doubt 
could be still further improved with greater attention to the finer points of 
the technique. 

SUMMARY. 


Some improvements are suggested in the technique of the Trevan and 
Bainbridge method for the determination of the total calcium of serum. In 
particular a simple modification of the heating conditions is described which 
brings the oxalate-carbonate conversion under complete control. 


REFERENCES. 
Clark and Collip (1925). J. Biol. Chem. 68, 462. 


Hendriks (1929). Biochem. J. 23, 1206. 
Trevan and Bainbridge (1926). Biochem. J. 20, 423. 





XLII. STUDIES ON GELATIN. 
XI. DIAMINO-NITROGEN OF GELATIN. 


By KENNETH VIVIAN THIMANN (Beit Memorial Research Fellow). 


From the Biochemical Department, Imperial College of 
Science and Technology, London, S.W. 7. 


(Received February 26th, 1930.) 


THE problem of the inherent stability of the protein molecule is one which 
has often been discussed, but upon which very little definite evidence is 
forthcoming. 

When the colloid protein particle is envisaged as a complex amino-acid 
structure, there emerges the possibility that this structure may be subject to 
change. Changes in the surrounding conditions may produce changes in the 
internal structure, which in their turn would lead to alterations in the external 
behaviour of the molecule. 

The fact that such external changes do occur may be instanced by the 
fall in viscosity, and ultimate loss of gelling power, of gelatin solutions on 
heating, but the occurrence of internal changes, whether related or not to 
external behaviour, is not so readily observed. This is to be ascribed largely 
to the lack of suitable analytical methods. 

In recent years, however, Linderstrom-Lang [1929] claims to have shown 
for caseinogen, and Schryver and his co-workers for gelatin, that there is 
evidence of an almost continuous variation in chemical composition, de- 
pendent upon conditions of treatment of the protein. An analogous series of 
changes has been shown to occur in the denaturation of ovalbumin by Mastin 
and Schryver [1926]. 

One of the analytical methods available is the precipitation of a portion 
of the nitrogen of the hydrolysed protein with phosphotungstic acid. This 
nitrogen is generally ascribed to the diamino-acids, but it will be shown that 
this involves something of an assumption, and it is desirable provisionally to 
consider this fraction simply as the nitrogen precipitated by phosphotungstic 
acid, without assigning to it any theoretical basis. 

It was shown by Knaggs [1923] that if gelatin be allowed to stand in cold 
acid before hydrolysis, the amount of nitrogen which is precipitated by 
phosphotungstic acid in the hydrolysate increases. Increases varying from 
4 to 10% on a total of 20-4 % were obtained by treating the gelatin with 
cold HCl for 48 hours and afterwards throwing into boiling 20% HCl. 
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Schryver and Thimann [1927] found that the soluble gelatin produced when 
the purified protein is flocculated from alkaline solutions does not show this 
effect, while the insoluble form—produced at the same time—does. In the 
same way, gelatin which has been brought permanently to the sol form by 
heating with water shows no rise in the nitrogen of the precipitate when ‘it 
is similarly treated with cold acid before hydrolysis. The rise in the nitrogen 
precipitated by phosphotungstic acid, brought about by treatment with acid 
before hydrolysis, is therefore not constant but varies with the type of protein 
and with the conditions. 

Thornley [1927] showed that the amount of increase varied with the 
strength of cold acid with which the gelatin was treated, and obtained a 
curve with a maximum rise of 5-8 %, corresponding to 2-5N cold HCl. In 
very strong acid a slight decrease took the place of an increase. Schryver 
and Buston [1927] traced the increase in this phosphotungstic precipitate to 
quantities of additional lysine; they found an increase of 1-6 % of ordinary 
lysine and 4-1 % of dl-lysine over the amounts present in gelatin hydrolysed 
in the normal way. 

Daft [1929], however, published results which disagreed with the above 
and which apparently showed that no rise was produced by treatment of 
gelatin with cold acid before hydrolysis. In his experiments the gelatin was 
hydrolysed with and without pre-treatment with cold acid, and the nitrogen 
precipitated by phosphotungstic acid was shown to be constant. In the 
course of these experiments, however, the gelatin was heated with water (for 
a length of time which is not stated), before treatment with cold acid, and 
this may have seriously modified the results. It has, in fact, been observed 
by Knaggs and Schryver [1924] that boiling with water increases the non- 
amino-nitrogen of gelatin. Daft has therefore compared the value for the 
nonamino-nitrogen of the heated gelatin used in his experiments with that 
of the original gelatin before heating, and has shown that there is no great 
difference in the figures; he has thereupon assumed that his gelatin could 
not have been materially altered by this treatment. On the other hand, his 
value for the nonamino-nitrogen, 27 % as determined by the Van Slyke 
method, does not agree with the 12 % quoted by Knaggs and Schryver, and 
it is therefore possible that his gelatin had already been heated with water 
in some way before use, so as to increase the nonamino-nitrogen to a value 
which would remain unchanged on further heating. Now it has been shown 
[Thornley, 1927] that gelatin which has been boiled with water for 24 hours 
no longer gives a rise in phosphotungstic acid precipitate after standing in 
cold acid. Daft’s gelatin may therefore have been boiled with water for a 
sufficient time to produce this effect. No information is given as to the source 
of his gelatin, or as to the methods adopted for its purification, so that it is 
impossible to determine how far this criticism affects his figures. Another 
point with reference to this work is discussed later (p. 366). 

Whether this be the correct explanation or not of the disagreement 
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between the results of Daft and those previously published, it was obviously 
desirable to reinvestigate the whole matter, for the existence of similar dis- 
crepancies has already been noted by other workers. Thus, Knaggs and 
Schryver [1924] found in one experiment that treating gelatin with cold 
N HCl produced no rise in the nitrogen precipitated by phosphotungstic acid, 
but only a rise in the nonamino-nitrogen. Thornley, on the other hand, 
obtained a considerable rise by treatment with cold N HCl. A careful 
examination of the method of analysis brought to light certain causes for 
variation in the amount of nitrogen precipitated by phosphotungstic acid. 

(a) Different samples of phosphotungstic acid were found to produce 
slightly different amounts of precipitate; the crystalline acid of Kahlbaum 
yielded higher figures than the amorphous compound prepared in the 
laboratory both for gelatin and for pure arginine. 

(b) Heating in the autoclave before precipitation, as recommended by 
Knaggs, was shown to cause a steady fall in the amount of nitrogen in the 
precipitate, varying with the time of autoclaving. 

(c) The temperature at which the amide-nitrogen is determined has also 
a slight effect. 

These factors are dealt with below. 

None of the differences caused by these experimental variations was, 
however, great enough to account for the discrepancies observed, and attention 
was therefore directed to the concentration of nitrogen in the solution. The 
influence of this factor has long ago been noted [Thimann, 1926; Kernot and 
Knaggs, 1928], but early experiments had indicated that, if the concentration 
were kept within certain limits, constant values could be obtained. Those 
experiments were carried out, however, at relatively high concentrations, 
using the macro-method. The more convenient micro-method involves more 
dilute solutions of the amino-acids, and investigation of the effect of changes 
in the nitrogen concentration showed that under these conditions the amount 
of phosphotungstic acid precipitate varied almost continuously with’ the 
concentration of nitrogen. A single determination of this phosphotungstic 
precipitate therefore means nothing, and it is essential to plot the curve of 
“nitrogen concentration” against “percentage nitrogen precipitated” in 
order to obtain figures of any value. If this is done, curves are obtained which 
are characteristic of the protein used and are highly sensitive to differences 
in the treatment of the protein before hydrolysis. They therefore form a 
valuable means for comparison, and further afford definite evidence of the 
ready occurrence of intramolecular changes in gelatin under various treat- 


ments. 


METHOD. 

The micro-method adopted has already been described [Thimann, 1926], 
and the only modification introduced is in regard to the amide-nitrogen (see 
p. 360). The gelatin gel was warmed to 40°, made up to 15 cc. with water, 
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and poured into 15 cc. boiling conc. HCl, so as not to interrupt the boiling. 
Hydrolysis was continued for 21 hours under a hang-in reflux condenser, the 
liquid rapidly cooled, 10 cc. samples were pipetted off and total nitrogen was 
determined on the remainder. The 10cc. samples were evaporated in vacuo 
to remove acid, and diluted. 


Determination of the amide-nitrogen. 

2cc. 10% NaOH and 1 drop 1% phenolphthalein were added, 1 : 1 
H,SO, was run in drop by drop till the solution was just acid, and 2 % NaOH 
added till just alkaline, as previously described. The liquid was transferred 
with washing to the Parnas and Wagner distillation apparatus and the 
ammonia distilled off in steam into V/70 H,SO,. Four minutes’ distillation, 
followed by half a minute’s steaming with the N/70 acid lowered from the 
nozzle were sufficient. The liquid was allowed to suck back into the trap and 
the apparatus washed out three times with vigorous shaking. The liquid was 
finally re-acidified with one drop H,SO,, evaporated down, and precipitated 
with phosphotungstic acid at 0°, as previously described. 

Comparison was made with the aspiration method, both in regard to the 
amide-nitrogen and the phosphotungstic precipitate, in case the treatment 
with boiling alkali should have affected the latter. Gelatins of high amide 
content, and also gliadin, were used, to obtain better comparison (Table [). 


Table I. 


Amide-N determined at 100° (4 min.). Amide-N determined at 40° (90 min.). 


N in phosphotungstic N in phosphotungstic 
Amide-N é Amide-N ppt.* 
) % % 

Gelatin 1 § . 2-58 15-80 

Gelatin 2 “¢ . 3-70 15-24 
Gliadin 26-75 26-30 

All values represent the mean of two determinations. 
* Low diamino-figures because dilute solutions used. See latter half of paper. 


The boiling method therefore yields a higher value for the amide-nitrogen, 
lowering the N in the phosphotungstic acid precipitate by approximately the 
same amount. There is no reason, however, to believe that the lower figure 
is the more correct. If boiling with alkali drives off any nonamide-nitrogen, 
the amino-acids so decomposed should be arginine and cystine. Since gelatin 
contains no cystine, experiments were carried out with pure arginine. Dis- 
tillation by boiling for 4 minutes, even with 40 % NaOH, however, yielded 
an amount of ammonia scarcely higher than the blank value. (The possi- 
bility of the partial scission of arginine into ornithine and urea, however, 
should not be overlooked (cf. following communication).) It is therefore safe 
to assume that no true diamino-nitrogen is distilled off under these con- 
ditions, and since the boiling method is quicker and provides closer agreement 
between duplicates it was used throughout. 
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Temperature of precipitation with phosphotungstic acid. 


Daft states that precipitation in the cold yields a precipitate difficult to 
manipulate, and that the results were erratic, and recommends precipitation 
in the hot, followed by cooling. Comparison of the two methods, however, 
failed to yield any evidence for this statement, since the precipitates obtained 
in the two pairs of experiments carried out were identical in appearance and 
consistency, so far as could be ascertained, and also in nitrogen content 

















(Table Il). 
Table II. 
Precipitated hot Precipitated at 0° 
N % % 
Amide 1-75 1-73 
Phosphotungstic ppt. 20-49 20-58 
Filtrate 78-57 76-57 


Total 100-81 98-88 





All values represent the mean of two determinations. 







The discussion of Daft on the experimental procedure introduces no other 
fresh considerations, the effect of salts having been already pointed out 
[Thimann, 1926]. 

Effect of autoclaving before precipitation. 

The rise in phosphotungstic acid-nitrogen produced by treating gelatin 
with acid before hydrolysis was ascribed by Knaggs [1923] to formation of 
a difficultly hydrolysable peptide. This peptide was said to be destroyed by 
heating under pressure at 120° with 5 % H,SO, for 2-3 hours before precipi- 
tation. Since the bulk of the increase has been shown to be due to lysine and 
not a peptide, the effect of autoclaving seemed to call for explanation, par- 
ticularly as it undoubtedly does lower the amount of nitrogen in the phospho- 
tungstic acid precipitate. Check experiments were therefore carried out on 
a synthetic mixture of amino-acids which contained arginine, proline, and 
glycine. 10cc. samples containing 5% of H,SO, were pipetted into short 
tubes, plugged with cotton wool, and autoclaved at 130° (Table ITI). 


















Table ITI. 












Time of autoclaving (hrs.) 0 2-5 5-5 
i | Fe A, 
mg. % mg. % mg. % 

N in precipitate 1-22 20-58 1-16 19-68 1-04 17-63 
N in filtrate 4-71 79-47 4-72 80-07 4-82 81-70 
Total N 5-91 100-05 5-88 99-75 5°88 99-33 








All values represent the mean of two determinations. 






These experiments indicate that, quite apart from peptide-nitrogen, pre- 
cipitable nitrogen of the true diamino-type is slowly destroyed by heating in 
the autoclave with 5 % acid. The use of this process is therefore not desirable, 
though the point might with value be subjected to a more complete investi- 


gation. 
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Effect of differences in the phosphotungstic acid used. 


Three samples were investigated. 

Sample A, prepared in the laboratory some time ago. 

Sample B, freshly prepared. Both A and B had been prepared according to 
the standard method and thoroughly extracted with ether. They were 
amorphous white powders, whose solutions rapidly turned purple on standing. 
Sample A also yielded a slight deposit on long standing. 

Sample C (Kahlbaum), was greenish and crystalline; its solutions became 
only faintly purple on standing. 

The nitrogen content of the solutions was very low, being almost entirely 
due to the sulphuric acid used. For the 10 cc. of 2-5 % wash-liquid a blank 
of 0-12 ec. N/70 acid was obtained, while for the 3 cc. of 20 % precipitant the 
value was negligible. 

10 cc. of a solution of pure arginine, containing 5% H,SO,, were used 
for comparison. In duplicate experiments the precipitates were (a) centrifuged 
and then incinerated directly; (6) washed on the centrifuge four times with a 
total of 10 cc. of 2-5 % wash-liquid. The first gives a measure of the maximum 
precipitation possible, and the second the amount of precipitation which 
would be obtained under standard experimental conditions, since this is the 
usual procedure (Table IV). 


Table IV. Arginine solutions. 


Precipitates centrifuged without washing. 
Sample A 
a 
3-months-old 
solution 
Fresh containing 
solution deposit Sample B Sample C 


% N in ppt. 86-4 83-7 89-6 90-1 
% N in filtrate 13-6 16-2 10-4 9-9 
Precipitates washed with 10 cc. wash-liquid. 
°% N in ppt. 68-3 61-3 74:3 74-6 
&% N in filtrate 31-7 38-7 25-6 25-4 
All values represent the mean of two determinations. 

The use of stronger solutions of phosphotungstic acid, or larger volume of 
precipitant, gave in general lower values, though the differences were slight; 
the above amount, 3 cc. of 20 % solution, was therefore adhered to. It will 
be seen that the Kahlbaum acid and the freshly prepared laboratory material 
are identical within the ordinary limits of error, while the loss of efficiency 
in the old sample is considerable. Further comparison with gelatin hydro- 
lysates showed a distinct balance in favour of the Kahlbaum acid, which was 


accordingly employed hereafter. 


Table V. Gelatin hydrolysate. 
Sample B Sample C 
c Oo 


N % ) 

- /O /O 
Amide 2-06 2-07 
Phosphotungstic ppt. 16-34 18-20 
Filtrate 81-21 78-82 
Total 99-61 99-09 
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It is not easy to assign reasons for the varying efficiency as precipitants of 
samples of phosphotungstic acid, but no doubt in such a complex molecule 
considerable differences in composition are possible, and even an ageing effect 
such as is observed above is not without precedent in inorganic materials. 







Importance of the concentration of nitrogen. 


It, was stated above that earlier (unpublished) experiments showed that 
within certain limits the amount of nitrogen precipitated by phosphotungstic 
acid was independent of the concentration of nitrogen. These experiments 
were, however, carried out with Coignet’s Gold Label gelatin, the use of 
which was afterwards discontinued on account of its uncertain origin. Further, 
the experiments were conducted under slightly different conditions and 
without the precautions shown since (and herein) to be of importance. The 
present experiments were carried out with a gelatin guaranteed to be pre- 
pared only from bone, and kindly supplied by Messrs Nelson, Dale and Co., 
of Warwick, to whom I wish to express my thanks. 

As soon as precipitations had been carried out with this gelatin at different 
nitrogen concentrations, it became obvious that the principal source of dis- 
agreements lay therein. The curve, Fig. 1, shows the precipitation charac- 
teristic of this gelatin, compared with that of Coignet’s Gold Label gelatin 
purified by flocculation, and it is clear that the former yields no flat range 
within the limits of concentration used (Table V1). 




















Table VI. 
N. D. and Co., Bone gelatin Coignet gelatin (purified) 
Aww AX 





r ‘ Y 
Mg.Ninl0cc. 4-67 7-97 16:77 27-19 38-86 42-07 5-45 9-32 16:28 31-16 
solution 
Amide-N (%) 1- 
“Diamino”-N 15-89 










1-74 2-19 1-77 
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Filtrate-N(%) 83-71 78:29 75:35 73-20 75:85 77-57 81:49 78-64 76-72 © 74-70 
Total N(%) 101-20 99-19 100-58 99-38 100-34 99-85 100-29 100-07 100-68 99-04 








EFFECT OF ACID ON GELATIN. 





It was shown in the previous communication of this series [Schryver and 
Thimann, 1927] that if gelatin be dissolved in water, the solution made acid, 
and a potential difference applied across the solution, the gelatin is precipi- 
tated from solution as a gel instead of a white flocculum. Gelatin so treated 
has therefore been actually dissolved in acid and reprecipitated therefrom, 
and it is to be expected that the effect of acid applied in this way would be 
more complete than that produced by merely placing the dry solid in acid 
solutions for a corresponding length of time. In the latter case the effect will 
be modified by the relative ease with which the acid diffuses into the gelatin, 
i.e. probably by the water content of the gelatin. The effect may, of course, 
not be identical with that produced by the mere contact of the gelatin with 














364 K. V. THIMANN 


acid; if, however a change is produced at all, it would be reasonably antici- 
pated to occur in this case. Experiments were therefore carried out on the 
flocculation of gelatin from acid solutions. 

The gel so produced was shown in the paper quoted above to possess 
properties differing from those of the flocculum obtained from neutral or 
alkaline solutions.. Chemical differences were therefore to be expected. 


2 








© Bone gelatin 
© Coignet gelati 














O05 1-0 hS 20 25 30 = 3°5 


Percentage N precipitated by phosphotungstic 
acid 


Mg. N per cc. of hydrolysate 
Fig. 1. Precipitation curves of gelatin. 


Experimental. 

The general procedure was as follows. 500 cc. of 1-5 % solution of the 
bone gelatin in water at 40° were brought to py 3 by addition of 60-70 cc. 
N HCl and electrolysed between collodion-muslin membranes. The outer 
vessels were supplied with slowly running freshly boiled distilled water, into 
which 1-inch square platinum foil electrodes dipped. A p.p. of 50 volts, 7.e. 
about 2 volts per cm., was applied until the current began to fall from the 
original 5 to 2-3 milliamp. The p.p. was then slowly raised to 200 volts. 
After 10-12 days the current had fallen to 1 milliamp., and the py of the 
anode liquor had returned to 6-7. The stiff gel was removed, dissolved at 40° 
in 50-100 cc. water according to the dilution required, and cooled. For each 
hydrolysis the gel was warmed quickly to 40°, the required volume poured 
into 15 ce. boiling concentrated HCl, and water added if necessary to bring 
the volume of hydrolysate to 30 cc. The gelatin was preserved cold, under a 
layer of toluene. Samples having thus been removed for analysis, the remainder 
of the gel was redissolved in water at 40°, again acidified to py 3 and the 
flocculation repeated. On the second and subsequent occasions the resistance 
of the now salt-free gelatin solutions was considerably higher, and after passage 
of 1000 coulombs the final current fell below 0-2 milliamp. at 200 volts. In 
each case the gelatin was precipitated at the cathode membrane in the form 
of a stiff 10 % gel. 
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The Hausmann numbers of the gels were determined at several nitrogen 
concentrations. The amide-nitrogen varied irregularly between 1-5 and 2-0 %, 
although agreement between duplicates was close. The variation in the 
nitrogen precipitated by phosphotungstic acid! is shown by curve B in 
Fig. 2. Curves C, D and E give the variation for the same gelatin after the 
second, third and forth flocculation respectively from acid solution. 
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Mg. N per ce. of hydrolysate 
Fig. 2. Precipitation curves of acid-flocculated gelatin. 

Some attempt to arrive at an interpretation of these curves has been 
made (see following communication), but at this point it will be sufficient to 
note that they indicate a continuous change in the amount of nitrogen pre- 
cipitated, and a considerable difference from the original bone gelatin, the 
curve of which (A) is given for comparison. 

When gelatin is flocculated from neutral or alkaline solutions it is obtained 


as a white hydrated flocculum, and it was thought to be of interest to compare 
Cc 
1 An explanation of the unusually low values shown on curve ¥ is given in the following paper. 
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this with the gels obtained above. A quantity of the crude bone gelatin was 
therefore dissolved to 1-5% solution, brought to pg 9 with KOH, and 
flocculated in the same way as the acid solutions but with the polarity re- 
versed. Fig. 3 shows the curve (F) obtained with this preparation, compared 
with that given by the gelatin flocculated once from acid (B). 


Comparison with other workers. 


A word must be added here with regard to the concentrations of nitrogen 
used by other workers. The amount of gelatin used by Thornley [1927] 
coresponds to 5-6 mg. N per 10 cc., and it will be seen that although this 
falls on the steeply rising portion of the curve, yet even at this point quite 
definite differences should be experimentally observable between ordinary 
gelatin and that treated with acid before hydrolysis. The amount used by 
Daft, however, corresponds to 76-5 mg. per 10 cc., which lies altogether 


| Ba Curve B.(Figure2) __ 
F.@ Gelatin after one alkali 
| flocculation 
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Percentage N precipitated by phosphotungstic 
acid 
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Fig. 3. Precipitated curves of acid- and alkali-flocculated gelatin. 


outside the scale of magnitudes possible for the micro-method. It should, 
however, be noted, that the slope of the curves of Fig. 3, if extrapolated, 
indicates for this concentration an approximate value for the nitrogen pre- 
cipitated by phosphotungstic acid of 20 %: the value given in Daft’s experi- 
ments averages 16-5 %, precipitated at 18°. This figure must be corrected to 
0°, to correspond with those quoted here and this may be done by using his 
own figure of 2-5 % as the difference between the precipitates obtained at 
0° and 18°. We thus obtain 19 % as the corresponding value at this concen- 
tration. It is therefore clear that Daft’s figures lie close to the general curve, 
and, since these curves all appear to follow the same course at these high 
concentrations, no differences due to acid pretreatment in analyses carried 
out at these concentrations would be expected. This constitutes yet another 
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Fig. 1. Phosphotungstic acid. Fig. 2. Phosphotungstic acid. 








Fig. 3. Arginine phosphotungstate. Fig. 4. Histidine phosphotungstate 
(prismatic form). ~ 





Fig. 5. Lysine phosphotungstate. Fig. 6. Proline phosphotungstate, 


Photomicrographs of phosphotungstates. Magnification x 187-5. 
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reason for believing that this worker’s results in no way disagree with those 
obtained by Schryver and others, previously quoted. 

As was pointed out above, it has not been possible to repeat the analyses 
quoted by Daft, since no indication is given by him as to the nature and source 
of the gelatin used or its purification. Since the values obtained by him 
probably coincide with the curves as mentioned above, however, such 
repetition is scarcely necessary. 


SUMMARY. 


1. An investigation has been made of the reasons for the discrepancies 
between the results of different workers in regard to the amount of nitrogen 
precipitated from gelatin hydrolysates by phosphotungstic acid. 

2. Differences in the precipitating power of different samples of phospho- 
tungstic acid are shown to be responsible for subsidiary variations in this 
nitrogen. 

3. Heating with 5% sulphuric acid in the autoclave before precipitation 
destroys part of the precipitable diamino-nitrogen of arginine, and is therefore 
to be avoided as a step in the analysis of protein hydrolysates. 

4. The amount of nitrogen precipitated by phosphotungstic acid varies 
almost continuously with the concentration of nitrogen in the solution, and 
in this fact lies the principal source of the discrepancies. 

5. Curves showing the variation in the nitrogen precipitated with the 
concentration of nitrogen used must be substituted for single determinations 
in order to characterise the protein investigated. 

6. Such curves clearly prove that treating gelatin with acid before hydro- 
lysis profoundly affects the amount of nitrogen precipitated by phospho- 
tungstic acid. 

7. The protein molecule must, therefore, be regarded as an extremely 
labile structure. 

8. A rapid method for the determination of the amide-nitrogen is 
described, and its effect on the subsequent precipitation with phosphotungstic 
acid is determined. 


This work was done during the tenure of a Beit Memorial Fellowship, 
and part of it was carried out in collaboration with Dr A. B. P. Page, for 
whose assistance the author’s best thanks are due. To the late Prof. Schryver, 
in whose laboratory the research was carried out, the author is most deeply 
indebted. 
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ALTHOUGH the fact has long been known that the diamino-acids are precipi- 
tated from solution by the addition of phosphotungstic acid, very little appears 
to be known as to the actual mechanism of the reaction. This is the more 
remarkable since the precipitation has been so widely used in biochemical 
research. 

The effect of phosphotungstic acid on arginine was first studied by 
Gulewitsch [1899] who showed precipitation to be most complete in 5-7 % 
H,SO,, in which the solubility amounted to 70 mg. arginine per litre. He 
pointed out that “the composition of the arginine phosphotungstate can be 
different if the conditions of precipitation are different, especially if a mineral 
salt is present.” Advocated as an analytical method for the estimation of 
the bases by Hausmann [1899] and modified by Osborne and Harris [1903] 
and others, the method has thus been in use for some 30 years. Osborne, 
Leavenworth and Brautlecht [1908] showed that the phosphotungstic acid 
precipitate agreed approximately with the amount of diamino-acids ob- 
tainable from the protein hydrolysate by other means. There were, however, 
one or two notable exceptions, and the application of later refinements in 
the technique of the isolation of amino-acids would undoubtedly reveal many 
more. Thus, Gortner and Sandstrom [1925], working with a synthetic mixture 
of amino-acids, showed that precipitation was almost invariably too high, even 
after boiling the mixture, unless proline and tryptophan were both absent. 
Van Slyke’s [1911] division of the nitrogen in the precipitate into arginine, 
histidine, cystine and lysine does not, of course, take account of the possible 
presence of other amino-acids in the precipitate; proline, for example, would 
be estimated as histidine. 

Wechsler [1911] and Drummond [1918] carried out analyses of some of 
the phosphotungstates, whose general formula was shown to be A,, 2H;PO,, 
24WO,, + H,O in some cases, where A is the molecule of basic amino-acid. 
Drummond found the conditions of optimum precipitation for a dilute solu- 
tion of histidine as being with 5 % H,SO, (confirming Gulewitsch), and with 
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6-9 g. phosphotungstic acid per 100 cc. of resulting solution. Even under 
these conditions, however, 7 mg. N per 100 cc. remained unprecipitated, a 
solubility almost as high as that quoted in the same paper as the solubility 
in water, and four times as high as the minimum found by the present author 
(p. 374). It is evident that optimum precipitation conditions had not been 
attained. This may have been due to his use of an impure sample of histidine, 
or to failure to wash the precipitate with 2-5 % phosphotungstic acid solution. 


Réle of the basic amino-acids and proline. 


There seems little doubt that the basic amino-acids are of the greatest 
importance in the structure of the protein molecule. Changes occurring in 
the latter appear to be reflected in, if not due to, changes in the content and 
proportion of these bases. Examples of such changes have been given by 
Schryver and Thimann [1927], Thimann [1926], Thornley [1927], Linderstrom- 
Lang [1929], Knaggs [1929] and others. 

Arginine has been considered by Kossel [1896] to act as the nucleus of 
the protein molecule, and a number of existing figures for the arginine content 
of proteins has been collected by Larmour [1928] to show the dependence of 
the amount of basic nitrogen on the amount of arginine in the molecule, and 
hence the governing importance of the latter. This is held to confirm Kossel’s 
theory. Determinations of the amount of arginine are of necessity somewhat 
inaccurate, where protein hydrolysates are concerned, for two reasons. In 
the first place its precipitation by phosphotungstic acid is incomplete, as was 
pointed out by Gulewitsch [1899] and again by Plimmer and Rosedale [1925]. 
In the second place, in experimental procedure involving treatment with 
alkali, as in the determination of the amide-nitrogen of hydrolysates, the 
possibility of its decomposition has to be considered. Treatment with 50 % 
alkali, as in the Van Slyke procedure, yields ammonia, but only after 6 hours’ 
boiling, so that this reaction need hardly be taken into account. Schulze 
and Winterstein [1901], however, showed that after 1 hour’s hydrolysis with 
dilute alkali a 40 % conversion to ornithine and urea takes place. Although 
both these substances are precipitated by phosphotungstic acid, their pre- 
cipitation in all probability takes place under different conditions from that 
of arginine, and the solubility of their phosphotungstates is certainly different, 
so‘that not only the arginine figures, but also the total phosphotungstic acid 
precipitate, would be affected. Since the hydrolysate is in fact treated with 
warm alkali for a short time the occurrence of this reaction is probable. This 
may perhaps act as a subsidiary cause for the variation of the ammonia- 
nitrogen also, though Henriques and Gjaldbik [1910] attribute this mainly 
to deamination of some of the amino-acids, notably cystine. 

Lysine is the seat of the bulk, at any rate, of the free amino-nitrogen of 
proteins, its e-amino-group, which is free, being readily removed by nitrous 
acid, as was shown by Dunn and Lewis [1921]. It is, however, improbable 
that such deamination ever occurs in the ordinary way, since the product 
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which would result, a-amino-e-hydroxycaproic acid, has not been isolated 
from the products of protein hydrolysis. It may, of course, if present in small 
amount, have been overlooked, and its isolation in the future would be a 
matter of interest. Whether deamination occurs or not, the free nature of 
the e-amino-group gives to lysine a unique importance in the protein molecule, 
and renders it probable that this amino-acid would be associated in some way 
with any intramolecular change that takes place. Its appearance in increased 
amount in gelatin which has been treated with acid [Schryver and Buston, 
1927], supports this view. These workers obtained the bulk of the increase in 
the racemised or dl-form, but this, of course, may be merely. a result of the 
method of isolation, which involved treatment with baryta and other possible 
racemising agents. Such racemisation is not without precedent, moreover, 
since Gulewitsch [1923] obtained racemic arginine among the products of 
gelatin hydrolysis, and ascribed the racemisation to the sulphuric acid used 
for hydrolysis. 

Further evidence in support of the importance of this free NH,-group is 
adduced by Hofmann and Gortner [1925] and Gortner [1927], who have 
shown that the combination between protein and acid dye takes place in 
stoichiometrical relation to the lysine-N + } of the arginine-N, between 
certain py limits. Greenberg and Schmidt [1924] have in the same way 
compared the amount of combination with acid, calculated on this basis, 
with that actually found, for caseinogen, gelatin and gliadin, and obtained 
satisfactory agreement. Hitchcock [1923] showed that when gelatin was 
deaminised the reduction in combining capacity was exactly equivalent to 
the loss of amino-N. Much has been published on this point. Since the free 
amino-N, and therefore the lysine, of gelatin is thus responsible for its 
chemical combination with acids, it is to be expected that the results of acid 
treatment of gelatin would be closely connected with the lysine content. It is 
therefore not surprising to find, as will be shown herein, that a large part of 
the variations in the amount of nitrogen precipitated by phosphotungstic 
acid in gelatin which has been treated with acid may be ascribed to variations 
in the lysine content. 

The consideration of cystine has been deferred to a later date, since the 
bulk of these researches have been concerned with gelatin, from which cystine 
is absent. 

Proline is of importance because under such conditions it may be precipi- 
tated by phosphotungstic acid, as was pointed out by Gortner and Sandstrom 
[1925]. Very few data relating to proline are to be found in the literature, 
and even those are chiefly derived from impure preparations, since it has 
only recently been obtained in a pure state by Kapfhamer and Eck [1927] 
and by Town [1928]. Its phosphotungstic acid precipitate is readily soluble 
in excess of phosphotungstic acid, and a permanent precipitate can only be 
obtained with concentrated solutions, or if the phosphotungstic acid is taken 
up by diamino-acids in the solution, so as to leave just sufficient to precipitate 
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the proline. If the amount of diamino-acids were increased beyond this point, 
the total percentage precipitation obtained would decrease again, since there 
would not then be sufficient excess of phosphotungstic acid to precipitate these 
acids completely. For complete precipitation of the basic amino-acids an 
excess of the order of ten times their weight of phosphotungstic acid is re- 
quired. Gulewitsch [1899] gives 12-14 times. This amount would suffice to 
redissolve the bulk, at any rate, of the proline, so that if the diamino-acids 
are completely precipitated, the proline is probably not, and vice versa. 

The precipitation of any considerable percentage of proline would therefore 
take place only within certain limits of nitrogen concentration and at a certain 
ratio of proline to other amino-acids. Slight precipitation, however, probably 
takes place at most concentrations. 

Variations in the precipitation of histidine with phosphotungstic acid do 
not seem to have been mentioned in the literature. No evidence of variation 
was obtained in the present work. Its phosphotungstate is more soluble in 
water than that of the other two bases. 

It was shown in the previous communication [Thimann, 1930], that the 
amount of protein hydrolysate precipitated by phosphotungstic acid varies 
with the concentration of nitrogen in the solution. The experiments were 
therefore directed to determining the following points. 

(a) The variation in the amount of single amino-acids precipitated by 
phosphotungstic acid with concentration of nitrogen. 

(6) The constancy or otherwise of the solubility of the phosphotungstates. 

(c) The behaviour of mixtures of amino-acids, and the interpretation of 
the curves given hy gelatin hydrolysates. 


EXPERIMENTAL, 


Arginine was prepared via the flavianate by the method of Kossel and Staudt 
[1926], purified by way of the carbonate and obtained as a dry crystalline 
mass containing one molecule of water. Through the kindness of Drs Vickery 
and Leavenworth, samples of arginine, histidine, and lysine hydrochloride 
prepared by them [1928, 1, 2] were obtained. The arginine agreed closely with 
the above. Both the histidine and the lysine hydrochloride were finely 
crystalline specimens, containing 27-04 and 10-99 % N respectively; calculated 
26-96 (free base) and 11-04 (hydrochloride + 4H,O). A sample of pure 
crystalline proline was very kindly supplied by Dr Town. 

Solutions of weighed quantities of the amino-acids were made up, the 
nitrogen was estimated, and small volumes were measured with calibrated 
outflow pipettes. 0-3 cc. concentrated N-free sulphuric acid was added, the 
volume made up to 10cc., and 3cc. 20% phosphotungstic acid in 5% 
sulphuric acid solution were added. The tubes were allowed to stand in ice over- 
night, and the precipitates centrifuged, washed, redissolved, and incinerated 
as previously described for the determination of the Hausmann numbers 
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[Thimann, 1926]. The nitrogen of both precipitate and filtrate was deter- 
mined on aliquot parts. 

Two slight difficulties were encountered. Arginine phosphotungstate, when 
precipitated from dilute solutions, was fibrous and glairy, resembling egg- 
white, and therefore difficult to wash satisfactorily. It was eventually broken 
up with a fine glass rod of triangular section, which could also be used to 
cut the fibres. The rod was carefully preserved overnight and the adhering 
particles of fibre washed down into the centrifuge cup. 

Lysine was not completely precipitated from the more concentrated solu- 
tions, and a secondary precipitate appeared in the filtrate when the wash- 
liquid was added. A further 1 cc. of 20 % phosphotungstic acid was therefore 
added to each and they were again centrifuged. Additional phosphotungstic 
acid added to the resulting filtrate produced no further precipitate. To keep 
the volume constant only 9 cc. wash-liquid were used. It is not possible that 
insufficient precipitant could have been added, since there was in these 
solutions a maximum of 39 mg. lysine to which 600 mg. phosphotungstic acid 
were added, i.e. a 15-fold excess. The probability is indicated that some type 
of soluble double salt was formed, and that this was decomposed by further 
phosphotungstic acid, thus: 

6L+ P=L,P; L,P + P = 2L,P, 
where L,P is the normal insoluble salt (as given by analysis), and L,P the 
soluble double salt. 

This was the only amino-acid with which such a phenomenon was ob- 
served, and it is significant that the same phenomenon also occurs in the case 
of acid-treated gelatin. The formation of such a secondary precipitate, with 
incomplete initial precipitation, therefore points in such cases to a larger 
percentage of lysine (see below). 


Table I. Arginine (b). (Results typical of all experiments.) 


487-3 mg. in 50-01 cc.; 7.e. 2-909 mg. N per ce. 





Precipitate-N Filtrate-N Total 
ec. sol. Total N mo , ar c aa recovery 
taken mg % hes me % Lr % 
0-200 "575 0-290 50-36 0-292 50-71 101-07 
0-539 1-106 70-54 0-430 27-50 98-04 
0-988 2-397 83-40 0-447 15-54 98-94 
1-977 5-089 88-50 0-669 11-64 100-19 
2-965 7-834 91-84 0-781 9-15 99-99 





All values are the mean of two determinations. 


Similar results were obtained with the other sample of arginine (a) 
(Vickery and Leavenworth). The curves (Fig. 1) show the precipitation in 
percentage at the different nitrogen concentrations for arginine (samples 4 
and 6), histidine, lysine and proline. It will be observed: 

(1) that lysine shows the steepest rise, and is therefore the most 
insoluble; 
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2) that precipitation is not complete in any of the cases, reaching 92 °% 
a ? oS /O 


for arginine, 91-6 % for histidine, and 98-4 % for lysine; 
(3) that proline is only precipitated at very high concentrations, and then 
only in part; 

(4) that the amount of nitrogen remaining in the filtrate, which should 
be constant if ordinary solubilities are involved, increases steadily with the 


concentration (see Table I). 


© 


60% 


























Percentage N precipitated by phosphotungstic acid 

















Mg. N in 10 ce. solution 


Fig. 1. Precipitation curves of basic amino-acids. 


This last phenomenon may be due to two factors, the first of which is a 
true solubility in excess of amino-acid, and the second the presence of a 
quantity of non-precipitable impurity, such as a mono-amino-acid. This 
seemed improbable in view of the purity of the samples used, and its improba- 
bility was further confirmed in the following manner. Curves were plotted 
showing the amount of nitrogen in solution at different concentrations (see 
Fig. 2). Now the point at which the vertical axis is cut may be taken to 
represent the true minimum solubility of the phosphotungstate in 23 cc. of 
approximately 3-7 % phosphotungstic acid, 5% sulphuric acid solution 
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(0-85 g. phosphotungstic acid having been added in all to 23 cc.). A line 
through this point parallel to the z-axis would represent a case of simple 
solubility. 

In the case of arginine, however, the curve rises to an extent corresponding 
approximately with 0-45 mg. in 10 mg., so that 4:5 % of soluble impurity 
would have to be present to account for this slope. This quantity is altogether 
too large to escape detection and moreover would considerably alter the 
nitrogen figures, so that its presence, and hence this explanation, must be 
ruled out. It follows that the phosphotungstates of arginine and histidine, 
and to a much less extent that of lysine, are soluble in excess of the amino- 
acid. It may be that some kind of equilibrium between two salts of different 
solubility is established. In any case the precipitation is not simple. 
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2 3 4 5 € 7 
Mg. N in 10 ce. solution 
Fig. 2. Variation of the solubility of the phosphotungstates 
with nitrogen-concentration. 

It seems at first sight a curious anomaly that lysine, which is known to 
give a soluble double salt in strong solutions, appears here as the least soluble 
of the three. This, however, is explained by the fact that in the two solutions 
of highest concentration, additional quantities of 1 cc. phosphotungstic acid 
solution were added in order to ensure complete precipitation. Apparently 
the formation of the soluble compound of lysine is on a somewhat different 
scale from those of the other bases, involving larger amounts when it occurs, 
but being more amenable to modified precipitation conditions. 

The minimum solubilities as extrapolated from these curves are as follows 
(Table IT): 

Table II. 


Minimum solubilities of phosphotungstates in 3-7 % phosphotungstic acid, 5 9% H,SO,. 
Arginine (a) Arginine (b) Histidine Lysine 


. N per 23 ec. from curve 0-29 0-28 0-41 0-01 
. amino-acid per 100 cc. 0-0072 0-0070 0-0115 0-0003 


x. N per 23 cc. given by Van Slyke 0-37 0-37 0-44 0-06 
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INTERPRETATION OF PRECIPITATION CURVES OF ACID-TREATED GELATIN. 


Comparison of the curves for successive acid-flocculations of bone gelatin, 
given in the preceding communication [Thimann, 1930, p. 365] shows that 
they possess the following principal characteristics. 

(1) A successive steepening of the rise from the origin, from the first to 
the fourth treatment. 

(2) A rapid fall to very low values in the gelatin treated twice with acid 
(curve C). 

(3) The occurrence of a peak in the curve for gelatin treated once 
with acid (curve B) or once with alkali (curve F), particularly the former. 

It was shown above that the lysine curve is considerably steeper than 
that of the other amino-acids, so that the increase in steepness may be 
ascribed to increasing quantities of lysine. Confirmation of this is afforded 
by the steep fall. In all the points on the low portion of the curve, a con- 
siderable further precipitate separated when the wash-liquid was added to 
the filtrate, and 1 cc. additional phosphotungstic acid was therefore added 
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Fig. 3. Precipitation of amino-acid mixture with and without proline. 


and the precipitate again centrifuged. The addition of further phosphotungstic 
acid to the filtrate again caused a precipitate, and even after three additions 
of 1-2 ce. a precipitate was still produced on further addition of phospho- 
tungstic acid to the centrifugate. This phenomenon is produced only by 
lysine, as shown above, and these facts therefore fall into line with the theory 
that relatively large quantities of lysine were present, and hence precipitation 
was incomplete throughout. Acid treatment therefore increases considerably 
the lysine content of these gelatin hydrolysates. 

The peak. It was shown above that the precipitation of any con- 
siderable amount of proline takes place only at certain nitrogen concentrations 
and at certain proline-diamino-acid ratios. The suspicion that this maximum 
was due to proline was confirmed as follows. A mixture of the three bases was 
made up in approximately the same proportions as in gelatin, and its pre- 
cipitation curve obtained (curve A, Fig. 3). To the same solution was added 
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proline in corresponding proportions, and the precipitation curve again 
obtained (curve B, Fig. 3). 


Mizture of bases. 
. 
Solution A. Arginine 354” i 5) Bey 
Lysine (hydrochloride) 286-4 4 > in 100 cc. water. 
Histidine 73-5 1) 
Solution B. Proline 237-5 3-5 in 30 cc. solution A. 

A close similarity may be observed between curve B and that obtained 
for acid-flocculated gelatin (curve B, Fig. 2, of the preceding communication 
[Thimann, 1930, p. 365]). It is clear from these curves that proline is pre- 
cipitated at certain concentrations only, and then only to the extent of about 
11 %, but it is also abundantly clear that the peak of the gelatin curves is 
due to proline and can be imitated by addition of proline to the bases. The 
acid treatment of gelatin therefore increases the proline and lysine content. 

All these curves show a general falling off at high concentrations, due to 
the slight solubility of the phosphotungstates in excess of amino-acid. 

The phosphotungstic acid precipitation curves are therefore not merely 
useful as indicators of intramolecular lability, but are also amenable to 
interpretation and can yield valuable knowledge of the amino-acids present. 


CRYSTALLISATION OF THE PHOSPHOTUNGSTATES, 


During the course of this work opportunity was taken to crystallise the 
phosphotungstates in pure condition. Excess of phosphotungstic acid was 
not used in their preparation, in order to eliminate the possibility of the 
presence of the free acid. 

Phosphotungstic acid itself crystallises well in large rhombohedral prisms 
which quickly dehydrate and become opaque and friable on drying. The 
double refraction shown is very low. The angle between the well-developed 
rhombohedron and the basal plane is about 58°, giving an axial ratio of 1-6. 
The small crystals are shown in Plate I, Fig. 1, and a well-developed pyramid 


1 


in Fig. 2. 

Arginine phosphotungstate crystallises from water in 4- or 6-sided tablets, 
invariably twinned, of the monoclinic or triclinic system. They were erroneously 
described by Drummond [1918] as rhombohedral. The angle of extinction 
makes 27° with the composition plane. The refractive index is greater than 
1-5 (Plate I, Fig. 3). 

Histidine phosphotungstate may be obtained from water in the same form 
as arginine, but with greater difficulty and in smaller crystals. From acetone- 
water it separates in clustered prisms, also probably monoclinic (Plate I, 
Fig. 4). 

1 For assistance with the crystallography I am greatly indebted to Mr M. H. H. Hay, of the 
Natural History Museum, South Kensington. 
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Lysine phosphotungstate crystallises readily from water to which a few 
drops of acetone have been added in tiny clusters of fine orthorhombic 
needles, resembling wheatsheaves in the typical form. By slow evaporation 
needles 2-3 mm. long may be obtained (Plate I, Fig. 5). 

Proline phosphotungstate separates from water to which a few drops of 
acetone have been added, in orthorhombic needles of large size, clustered 
together (Plate I, Fig. 6). The double refraction is high—about 0-04—and 
the refractive index greater than 1-5. By slow evaporation it can be obtained 
from water in small rhombs. 


SUMMARY. 


1. The réle of the basic amino-acids and proline in the protein molecule 
is discussed, and the probable importance of lysine in intramolecular change 
is emphasised. 

2. The precipitation of the individual amino-acids by phosphotungstic 
acid is determined at various nitrogen concentrations. It is not a simple 
phenomenon, the solubility of the phosphotungstates increasing with nitrogen 
concentration. In the case of lysine there is evidence for the formation of a 
soluble double salt. Proline is precipitated only at high nitrogen concen- 
trations. 

3. The minimum solubilities of the basic amino-acids in the final pre- 
cipitating liquid are determined and found to be somewhat less than the 
solubility corrections given by Van Slyke. The actual correction to be em- 
ployed in any experiment, however, will be considerably higher and will 
vary with the nitrogen content of the solution. 

4. The precipitation curves of the individual amino-acids throw con- 
siderable light on the curves obtained with gelatin hydrolysates. In this case 
they show that the acid flocculation of gelatin produces an increased amount 
of proline and lysine. 


5. The crystalline form of the phosphotungstates is described. 


The author’s best thanks are due to Drs Vickery and Leavenworth of 
New Haven, U.S.A., and to Dr Town, of St Bartholomew’s Hospital, for the 


gift ‘of amino-acids. 
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In determining the diamino-nitrogen in the products of hydrolysis of proteins, 
Kernot and Knaggs [1928] showed that the results depend on several factors 
and, amongst them, on the temperature of precipitation and the temperature 
of the solution whilst the precipitate is settling. 

Their results were confirmed by Daft [1929] who suggested that, in order 
to avoid discrepancies, a rigidly defined technique should be followed. 
Rosedale more recently [1929], in determining the diamino-content of fish 
muscle, came to the conclusion that results are not so much influenced by 
temperature as by the incompleteness of the hydrolysis, since in this case 
material which cannot be considered as consisting of diamino-acids is pre- 
cipitated by phosphotungstic acid. 

There is, however, no experimental evidence as to products of incomplete 
hydrolysis being precipitated with the diamino-fraction, but, as pointed out by 
Kernot and Knaggs [1928], proline, tryptophan, phenylalanine and hydroxy- 
aminobutyric acid have been found in this fraction. 

The object of the present communication has been to find out how far 
the completeness of the hydrolysis could influence the results. If the hydro- 
lysis is incomplete peptides may be found in the basic fraction but it is 
doubtful whether they could resist the prolonged action of a 20 % solution 
of sulphuric acid. This, however, would not be the case with some keto- 
piperazides which are so highly resistant to the action of acids and alkali 
that the question has arisen whether such products could be considered as 
primary constituents of the protein molecule. A preliminary attempt has 
been made to separate some of these products in order to find out whether 
they would be precipitated by phosphotungstic acid. 




























EXPERIMENTAL. 






Cod muscle, from recently caught fish, was the material used for these 
experiments. The tissue was freed, as far as possible, from adjacent tissues 
and then dropped into boiling water, the boiling being continued for one hour. 
The coagulated muscular tissue was strained on a cheese cloth washed with 
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distilled water and suspended in chloroform water. After 24 hours the 
chloroform water was changed and the treatment repeated 5 or 6 times. It 
was then again strained, digested with 95 % alcohol and then twice extracted 
with absolute alcohol. After a further extraction with ether it was air-dried. 


Estimation of the diamino-nitrogen. 


Four portions of 25g. each of the dried muscle were hydrolysed with 
600 cc. of a 20% solution of sulphuric acid for 12, 24, 48 and 96 hours 
respectively. The hydrolysate was diluted with water and barium hydroxide 
added until it was only very slightly acid to Congo red. The barium sulphate 
precipitate was removed by filtration and the precipitate digested four times 
with boiling water. These washings were added to the hydrolysate, and the 
combined filtrates, to which a small excess of barium carbonate had been 
added, were evaporated to dryness under reduced pressure. The residue was 
taken up with water, filtered, made up to a known volume and the nitrogen 
estimated by the Kjeldahl method. 

Aliquot parts of these solutions were taken and made up to 100 cc. so 
that each contained 80 to 85 mg. of nitrogen. 

The diamino-nitrogen was precipitated with phosphotungstic acid ac- 
cording to the method of Osborne and Harris [1903], the conditions of tem- 
perature being as follows. 

(a) The hydrolysate and the phosphotungstic acid solution were separately 
heated to 100°, and after addition of the latter to the hydrolysate the solution 
was allowed to cool and stand in an incubator at 37° for 48 hours. 

(6) The hydrolysate and the phosphotungstic acid were separately heated 
to 37°, and after precipitation kept in an incubator at 37° for 48 hours. 

(c) The hydrolysate and the phosphotungstic acid were separately cooled 
to 0°, and after precipitation were allowed to stand at the same temperature 
for 48 hours. 

The experiments were carried out in duplicate, and the average results 
are given in Table I. 


Table I. 


% of N precipitated by phosphotungstic acid 





Time of hydrolysis c : 

i n hours (a) (b) (c) 

12 36-84 39-47 43-65 

24 30-67 36°16 40-11 

48 25-64 31-31 37-28 

96 23-85 30-40 35-83 
These results show that the percentage of diamino-nitrogen precipitated 
by phosphotungstic acid depends on the conditions of precipitation, and not 

only on the completeness of the hydrolysis. 

Rosedale states that in the case of fresh fishes hydrolysis appears to be 
completed between 40 hours (carp) and 80 hours (tunny). We have found 
that the hydrolysis of the muscular tissue of fish may be considered as 


complete after 24 hours, as then the percentage of total amino-nitrogen 
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reaches its maximum. If the time of hydrolysis is prolonged this total 
diminishes while the percentage of nonamino-nitrogen increases, possibly 
owing to the formation of ring compounds. 

In the following section we give a preliminary account of experiments 
carried out with the object of obtaining, if possible, some evidence on this 
subject. 


Separation of some products of partial hydrolysis. 


Abderhalden [1923] and his co-workers have, by means of solvents, 
isolated several products of the partial hydrolysis of proteins. The method 
consisted in evaporating the hydrolysate to dryness under reduced pressure, 
mixing the residue with sand and extracting it with solvents. By this method 
it is possible to use a great variety of solvents, but as all ketopiperazines are 
soluble in many solvents which are not miscible with water it was thought 
that a modification of the method suggested by Dakin [1912, 1920] could 
be used. 

By extracting the hydrolysates from proteins with butyl alcohol, under the 
conditions described by Dakin, the proline fraction could never be obtained 
free from diketopiperazines, and in order to avoid this, Osborne, Leavenworth 
and Nolan [1924] suggested that the extraction should be carried out at room 
temperature. Even in these circumstances, however, ketopiperazines were 
found to be constantly present in the fraction. 

In the following experiments, besides butyl alcohol, ethyl acetate and 
chloroform were used. The extractions were carried out by shaking the hydro- 
lysates in a separating funnel with an excess of the solvent; they were 
repeated until a small portion of the solvent on evaporation left no residue. 
As in the previous section the experiments were carried out in duplicate and 
the figures given represent averages. 

No attempt has been made, at this stage, to identify the different products 
obtained. 

Ethyl acetate extract. The following percentages of the total nitrogen: in 
the hydrolysate were extracted by this solvent. 


Time of hydrolysis in hours 12 24 48 96 
% N 2-02 0-25 0-16 0-10 


This substance has all the characters of a diketopiperazine as it is practically 
insoluble in water, sparingly soluble in cold ethyl alcohol, but easily in hot 
ethyl alcohol, from which it crystallises on cooling in fine needles melting at 
175° (not corrected). It is very soluble in chloroform and ethyl acetate, but 
little if at all soluble in hot dilute hydrochloric acid. 

Butyl alcohol extract. This extract was evaporated to dryness in vacuo in 
small portions. The residue was taken up with alcohol, filtered through a 
Biichner funnel and the insoluble portion washed with small quantities of 
hot butyl alcohol. The two alcoholic filtrates were evaporated in vacuo to 
dryness and the residue taken up with absolute alcohol. This treatment was 
repeated again; the insoluble portion was separated by filtration and the 


_ 
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clear, red-brown, alcoholic solution was evaporated in vacuo until all the 
alcohol was removed. The residue was treated with warm water and a not 
inconsiderable amount of a brown product was removed by filtration on a 
Biichner filter. This residue was dissolved in absolute alcohol and the alcoholic 
solution evaporated in vacuo in tared dishes. The following percentages of 
the total nitrogen were thus obtained. 


Time of hydrolysis in hours 12 24 48 96 
YN 1-36 0-65 0-47 0-82 


By treatment with ether part of this substance was dissolved. The ethereal 
solution evaporated in tared dishes gave the following results expressed as 
before in percentages of the total nitrogen. 


Time of hydrolysis in hours 12 24 48 96 
% N 0-70 0-36 0-21 0-56 


This substance has all the properties of a ketopiperazine. It decomposes at 
245° and then immediately volatilises. 

The portion insoluble in ether was crystallised from absolute alcohol, from 
which it separated in fine hair-like needles; with the exception of the insolubility 
in ether it presented the same characters as the other substance. The ready 
solubility in ethyl acetate and chloroform, and its behaviour towards dilute 
solutions of acids and alkalis leave little doubt that it is a ketopiperazine. 

Chloroform extract. A brown sticky mass was extracted by this solvent, 
which, owing to its semi-solid condition, was not weighed. 

From these results it is evident that even after a prolonged hydrolysis 


ring compounds can be found amongst the products. But it is important to 
note that, in the case of the butyl alcohol extract, these compounds after 
reaching a minimum rapidly increase, thus showing that by prolonging the 
time of hydrolysis condensation takes place and this is confirmed by the 
increase of the nonamino-nitrogen. 


SUMMARY. 


1. The muscular tissue of the common cod was hydrolysed with sulphuric 
acid for varying periods. It was found that the percentages of basic nitrogen 
precipitated by phosphotungstic acid vary for a given period of hydrolysis 
with the conditions of precipitation, thus confirming the previous results 
obtained. 

2. Evidence is given to show that even after a prolonged hydrolysis 


closed ring compounds or ketopiperazines are found in the hydrolysate, and 
that their percentage increases if the hydrolysis is prolonged. 
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(Received February 28th, 1930.) 
HISTORICAL. 


The hypophysis and fat deposition. 

Ir is an established fact that patients with hypopituitarism and animals after 
the removal of the hypophysis develop a pronounced adiposity, while young 
animals in the same circumstances show, in addition, retardation of growth 
[see bibliography in Biedl, 1916; Barker, Hoskins and Palmer, 1922; Schaefer, 
1926; Geiling, 1926]. 

In agreement with these observations the gaseous metabolism is found 
to be decreased [Narbut, 1903; Wolf and Sachs, 1910; Aschner, 1912, 1913; 
Aschner and Porges, 1912; Benedict and Homans, 1912; Foster and Smith, 
1926]. It was, however, unexpected that injections of pituitary extract into 
animals should also produce adiposity [Delille, 1909; Evans and Long, 1922] 
and lowering of metabolism [Bernstein and Falta, 1912; Korenchevsky and 
Dennison, 1929]. 


The influence upon growth of the administration of the anterior lobe 
of the pituitary. 

In spite of the large number of experiments which have been performed 
on mice, rats, guinea-pigs, rabbits, puppies and chicks, either fed or injected 
with extracts and preparations of whole hypophysis or of the anterior lobe, 
the most contradictory results have been obtained. 

Increased growth of the animals was observed by Schaefer [1909], Goetsch 
[1916], Gudernatsch [1918], Klinger [1919], Marinus [1919] and Robertson 
and his co-workers [1916-1925]. Retardation or cessation of growth was 
obtained by Thompson and Johnston [1905], Cerletti [1907], Sandri [1907, 
1909], Cushing [1909], Aldrich [1912, 1913], Wulzen [1914], Pearl [1916] and 





384 V. KORENCHEVSKY 


Maxwell [1916]. Administration of pituitary preparations had practically no 
influence upon growth in the experiments of Lewis and Miller [1913], Drum- 
mond and Cannan [1922], Smith [1927, 2] and Reichert [1928]. Extremely 
elaborate experiments were performed by Evans and his co-workers [1921- 
1928]. They state that when an extract of the anterior lobe of the hypophysis 
is injected intraperitoneally into young rats from the day of weaning, accelera- 
tion of growth is produced, some of the treated rats being from 100 to 250 g. 
heavier than their normal litter mate controls at eight months of age. Oral 
administration is ineffective. No detailed account of these experiments has 
been published. 

Smith, Walker and Graeser [1923], Smith and Graeser [1924], and Smith 
[1927, 1, 2, 3, 4] produced dwarfism by destroying the pituitary body in rats, 
and found that growth was resumed after injections of anterior hypophysial 
substance prepared by the method of Evans and Simpson [1926]. 

Van Wagenen [1927, 1928], using similar extracts of the anterior lobe, 
increased the body length and the weight of castrated rats up to those of the 
normal controls. 

Putnam, Teel and Benedict [1928], who also used alkaline extracts of 
hypophysis, produced acceleration of growth in growing rats and one dog, 
but not in rabbits. The injections were given to the dog for many months 
before any effect was observed. In the hypophysectomised dog and the rats, 
restoration of growth was produced. They concluded that the growth of hair 
and the healing of wounds is much delayed after hypophysectomy, but these 
processes may be restored to normal by administration of the hormone. 

The latest experiments by Larson, Bergeim, Barber and Fisher [1929] do 
not show any influence of similar extracts, injected intraperitoneally, on the 
growth of rats, whilst Hewitt [1929] confirmed the results obtained by Evans. 


The influence of the administration of the hypophysis on the 
sexual organs of male animals. 


A stimulating effect of pituitary feeding or injections of pituitary extracts 
on the sexual development or the size of testes was noticed by Wulzen [1914], 
Goetsch [1916], Klinger [1919] and Marinus [1919]. No such influence, how- 
ever, was observed in the experiments of Pearl [1916], Maxwell [1916], Kross 
[1922] and Smith [1927, 3]. 

Evans and his co-workers [1921-1928] found that an extract of the anterior 
lobe of the hypophysis delays sexual maturity in the male rat. Autopsy of 
two treated male rats, when compared with their controls, showed great 
diminution of testis weights. Histologically, smaller tubules were found, but 
no evidence of any other degenerative changes [Evans and Simpson, 1926]. 
The authors succeeded in separating the principle in the anterior lobe affecting 
ovulation in rats from that controlling general body growth by the addition 
of alcohol to the extract until the concentration of alcohol reached 50 %. 
The supernatant fluid, after centrifugation, still possessed the principle 
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affecting the gonads, but not that accelerating growth. Probably the latter 
principle had been carried down with the protein precipitate or been 
destroyed. Both hormones, however, are still active after bubbling oxygen 
through the extract for one hour or after adding alcohol to 8 % and keeping 
at room temperature for one week. 

In a later paper Evans and Simpson [1928], concluded that there is present 
in the hypophysis not an ovary-depressing, but an ovary-stimulating hormone, 
which is required for the normal development of the ovaries, thyroid and 
suprarenal cortex. Their previous contradictory results are explained by the 
fact that the growth-promoting hormone completely nullified the effect of 
the gonad-stimulating hormone, when simultaneously administered. Alkaline 
aqueous extracts contain a growth-stimulating hormone and acid extracts of 
the anterior lobe a hormone provoking sexual maturity in young female rats. 
By these different methods of extraction these two hormones can be separated. 
Unfortunately, up to the present time no detailed account of these experiments 
has been published. 

Zondek and Aschheim, in a series of papers [1927-1928] describe an ovary- 
stimulating hormone in the urine of pregnant women which they believe to 
be secreted by the anterior lobe of the hypophysis. These authors state that 
although a single injection of this substance is without effect on male mice, 
repeated injections, during a period of about 2 weeks, caused the secondary 
sexual glands, but not the testes, to become hypertrophied. The seminal 
vesicles were about five times larger than those of the control animals. This 
did not occur in castrated animals. 

Fels [1927], injected infantile male mice with the serum from pregnant 
women. The testes were smaller than normal, but histologically the amount 
of the interstitial cells was increased. The prostate and seminal vesicles were 
hypertrophied, which latter changes were similar to those which occurred in 
the experiments of Zondek and Aschheim. In Biedl’s [1927] experiments in- 
jections of hypophysial extract or emulsion retarded the development of the 
sexual system of male rats and mice, especially of the testes and seminal 
vesicles. The amount injected was from 0-05 to 0-25 g. of fresh glandular 
substance. Smith [1927, 3] injected rats with an extract prepared by the method 
of Evans and Simpson [1926] from ox pituitaries. These injections not only 
did not cause the restoration to normal of the atrophied testes of hypo- 
physectomised rats, but even prevented their restoration by pituitary homo- 
transplants, which were made simultaneously with the injections. 

Larson, Bergeim, Barber and Fisher [1929] found that the weights of the 
testes of the rats receiving injections were less than those of the controls. 
However, they suggest that this may be attributed to the lower weights of 
these rats. The figures were not given. 
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The influence of the injections on the thyroids and adrenals. 

Smith [1927, 3] observed in hypophysectomised rats atrophy of the supra- 
renal cortex, thyroids and parathyroids. Partial or complete repair was pro- 
duced by daily homotransplants of fresh pituitaries, but intraperitoneal in- 
jections of extracts prepared by the method of Evans and Long, made from 
ox pituitaries, did not repair the atrophied thyroid or suprarenal cortex or 
the atrophied testes of hypophysectomised rats. 

Loeb and Bassett [1929] prepared acid and alkaline extracts from dried 
and powdered anterior lobe of the pituitary of cattle and injected these intra- 
peritoneally into guinea-pigs. After 7 to 19 days the injections resulted in 
hypertrophy of the thyroids. During the period of the injections the animals 
lost weight. The method of preparation suggests that probably the response 
of the thyroids was the typical reaction to injections of any emulsion of animal 
tissue contaminated with bacteria and prepared without sterile precautions. 

The analysis of the papers, mentioned in this historical review, shows a 
perplexing discrepancy in results. It may be that the difference in the results 
obtained by different investigators is to be explained (1) by the presence in 
the anterior lobe of more than one hormone, some of these hormones being 
antagonistic in action; (2) by the different methods of preparation of the 
extracts; (3) by deficiencies in general technique in some investigations, 
especially the use of control animals not of the same litter and lack of control 
of the diet (its uniformity and its sufficiency in respect of all the factors 


necessary for growth of the animal in general and of some organs in particular). 


THE PRESENT EXPERIMENTS. 

Experiments were performed on 87 male rats, of which 76 were young 
growing rats and 11 were old rats. All the rats belonged to litters, bred at 
the Lister Institute, of which the day of birth was known. Each litter 
was divided into two groups, a control group, into which 20 % glycerol in 
saline solution was injected, and an experimental group into which extract 
of the anterior lobe of the pituitary was injected. The extracts were injected 
intraperitoneally, daily, or with some intervals of one, or rarely, of two, days. 
Seven litters were used for the injections without previous operation, a total 
of 23 rats; 27 rats belonging to another 7 litters were castrated and 37 from 
9 litters were made cryptorchid. The experiments on cryptorchid rats are 
recorded in Tables I-III in two separate groups A and B, since the experiments 
on the rats of group B were performed later and with a different batch of the 
extract. Castrated and cryptorchid rats, having a decreased and an increased 
sexual inner secretion respectively, were used as well as normal rats since 
there is a close relationship between the pituitary and the sexual glands. 
Castration was performed in the usual manner. The animals were made 
cryptorchid by pushing back the testes from the scrotum into the abdominal 
cavity, occluding the inguinal canal and putting a suture on the basal portion 
of the tunica vaginalis. The method of preparation of the extract was almost 
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the same as that used by Evans and Simpson [1928], which produced increased 
growth in rats. The only difference was that the glands were first ground with 
glycerol, instead of with water, since a glycerol extract is more easily kept in 
a fresh condition in the cold store than is a watery extract. 

The detailed method of preparation of the extract is as follows. The 
anterior lobes of pituitary glands, obtained from the slaughter house on the 
day of killing of the cattle, were, with sterile precautions, chopped to a thin 
paste and then finely ground with sand in a mortar. Two volumes of glycerol 
were added and the glycerol paste was kept in the cold store at — 5°. On 
the day of injection one part of the paste was mixed with 1} parts of distilled 
water and to this mixture V/5 NaOH was then added in an amount equal to 
three-eighths of the volume of the mixture. This was left to stand for about 
20 minutes and then neutralised or made slightly acid with N/5 acetic acid. 
By the addition of a few drops of N/5 NaOH the py was brought to 7-4. 
The solution was then centrifuged and the supernatant fluid was used for 
the intraperitoneal injections, in amounts of from 0-5 to 2 cc. per rat. No 
abscesses or any toxic symptoms due to the injections were observed. 

The animals were fed on a special paste, consisting of a normal synthetic 
diet, so as to ensure that the quality of the diet was identical for each animal. 
The amount of the diet consumed was recorded. The composition of the diet 
was the same as of that used for vitamin experiments and was described else- 
where [Korenchevsky, 1922, p. 7]. The duration of the experiments varied, 
for different litters, from 6 to 11 weeks. 

In order to save space the detailed tables of the weights of each individual 
rat or organ are not given. The influence of the injections was in every case 
in the same direction as shown by the average figures, given in Tables 


I, II and III. 


Table I. The influence of intraperitoneal injections of anterior lobe extract 
on the weight of young and old rats. 


Controls, glycerol-injected Anterior lobe extract-injected 
No. of Gain + orloss — No. of Gain + orloss — 
rats in weight in g. rats in weight in g. 
for Weighting. ——*———, for Weight in g. Xn 
aver-_ —————_,, Per aver- , A Per 
Groups ages Final Total week ages Init. Final Total week 


Young rats: 

223-4 +1675 +19-1 
2029 +1243 +15°8 
205-7 +1340 +16-6 
240 +187 +19-8 


Normal 8 233-8 +1725 +196 
Castrated 12 214-8 +1340 +17-0 
CryptorchidA 8 ‘+ 211-1 +1366 +16-9 
CryptorchidB 4 53-5 228 +1745 +18-6 


Old rats: 
Normal 05: 397-0 -80 -09 366-0 355-0 -—-11-0 
Cryptorchid 2 0 396-0 -22:0 -2:3 é 451-0 4230 -28-0 


Sis] on 
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The influence on growth and appetite. 


The results in relation to growth are given in Table I. The figures represent 
averages. These figures show no well-defined influence on the growth of the 
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male rats injected with the extract, as compared with that of the controls 
injected with glycerol solution. The final weight and the gain in weight per 
week of both groups of young rats varied only slightly. Old rats, in both groups, 
lost weight a little during the period of the experiment. The variation in 
consumption of paste between the two groups was slight, being from 1 to 2 g. 
per day greater in about 65 % of the groups of the pituitary-injected rats. 


Table II. The influence of intraperitoneal injections of anterior lobe extract 
on the weight of “retroperineal fat” and “testicular fat” of rats. 


Controls, glycerol-injected Anterior lobe extract-injected 








apa ~ = Sy ‘ 
No. of Actual Per 200 g. of No. of Actual Per 200 g. of 
rats for weight rat weight rats for weight rat weight 
Group of rats averages in g. in g. averages in g. in g. 
“Retroperineal fat.” 
Normal 11 8-26 5-83 
Castrated 12 6-60 5-99 
Cryptorchid A 10 5-31 5°26 
“Testicular fat.” 
Normal 11 8-01 5-61 : rf r 4-24 
Cryptorchid A 10 7-55 5°61 é 5°72 4-22 
Total “intra-abdominal fat” (i.e. Retroperineal + testicular fat). 
Normal 11 16-27 11-44 12 11-14 8-44 
Cryptorchid A 10 12-86 10-87 15 13-61 9-50 
Cryptorchid B + 12-38 10-84 9-98 8-29 


5°56 4-20 
4-37 4-02 
7-89 5-28 


— i 
or bo 


or 


Table III. The influence of intraperitoneal injections of anterior lobe extract on 
the average weight of the sexual organs and of the glands of inner secretion. 


Controls, glycerol- Anterior lobe extract- 
injected injected 


Actual Weight in g. Actual Weight in g. 
weight per 200 g. weight per 200 g. 
of organ of rat of organ of rat 
Organ Group of rats in g. weight in g. weight 
Testis Normal 2-826 2-126 2-346 1-876 
Cryptorchid A 1-037 0-926 0-669 0-572 
i B 0-784 0-689 0-628 0-528 
Penis Normal 0-310 0-222 0-284 0-222 
Cryptorchid A 0-262 0-222 0-179 0-144 
i. B 0-289 0-254 0-223 0-186 
Castrated 0-074 0-071 0-078 0-077 
Prostate with seminal Normal 1-960 1-386 1-389 1-068 
vesicles Cryptorchid A 1-214 0-999 0-386 0-321 
be B 1-282 1-124 0-598 0-499 
Castrated 0-080 0-076 0-093 0-095 
Adrenals Normal 0-0636 0-0474 0-0620 0-0494 
Cryptorchid A 0-0616 0-0523 0-0639 0-0528 
i B 0-0509 0-0449 0-0703 0-0589 
Castrated 0-0690 0-0644 0-0679 0-0682 
Thyroids Normal 0-0382 0-0271 0-0278 0-0218 
Cryptorchid A 0-0336 0-0272 0-0264 0-0215 
a B 0-0216 0-0190 0-0201 0-0167 
Castrated 0-0241 0-0227 0-0217 0-0217 
Hypophysis Normal 0-0114 0-0085 0-0097 0-0077 
Cryptorchid A 0-0115 0-0098 0-0102 0-0085 
i B 0-0086 0-0075 0-0095 0-0079 
Castrated 0-0126 0-0115 0-0116 0-0116 
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The influence on fat deposition. 


Since the separation and weighing of the whole of the fat is very difficult 
in rats, the weight of the intra-abdominal fat was taken as an indication of 
the general development of the fat in the body. In rats part of this fat is 
easily separated from the retroperineal region (“retroperineal fat” in the 
tables). In castrated rats only this fat was taken for weighing. In normal and 
cryptorchid animals, in addition, the fat attached to the testes was separately 
weighed (“testicular fat” in the tables). Both fats taken together will be 
referred to as “intra-abdominal fat.” The average results are given in 
Table II. In this table the weight of fat of young growing rats is not separated 
from that of old rats, since the fat deposition was similar in both groups. 
Comparison of these average figures, especially taking into consideration 
those reduced to 200g. of rat weight, shows a decreased amount of fat in 
the rats injected with the extract of the anterior lobe. Detailed figures of 
the weight of fat of each individual rat (which are not given in order to save 
space) as well as the average figures in Table II show that this decrease was 
absent only in the case of the retroperineal fat of Group A of cryptorchid rats. 
The testicular fat of cryptorchid rats was, however, decreased; so that the 
total amount of intra-abdominal fat, calculated per 200 g. of rat weight, was 
decreased by the influence of injections of anterior lobe extract in all three 
groups of rats, normal, castrated and cryptorchid. Per 200 g. of rat weight, 
the average amount of intra-abdominal fat in the injected rats was less by 


12-6 to 33 % as compared with that in the respective groups of control 


animals. 


The influence on sexual organs. 


The results are given in Table III and represent the average weights in g. 
of testis, prostate with seminal vesicles, and of penis. The number of rats 
used for the average was in each group the same as that in Table II. The 
most suitable figures for comparison are those calculated per 200 g. of rat 
weight. They show a striking decrease in weight of the sexual organs in 
cryptorchid animals under the influence of anterior pituitary injections. For 
example, the weight of the prostate and seminal vesicles was about 68 % 
less than that of control rats in group A and about 56 % less in group B. 
The corresponding figures for penis and testis were 35 % and 38 % less than 
the controls in group A; in group B of cryptorchids the respective figures 
were 27 and 23 % less than those of the controls. In normal animals the 
decrease in the weight of the prostate with seminal vesicles and of the testes 
of rats injected with pituitary was much less pronounced than those of 
cryptorchid rats. The respective figures for the decrease of weight of these 
organs, compared with the controls, were about 23 and 12 %. There was no 
change in the weight of the penis. 

In castrated animals the influence of pituitary injections was not clear. 
Although the penis, prostate and seminal vesicles were on the average heavier 
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than in the controls, it is impossible to draw definite conclusions from these 
figures, since the individual weights of these organs, included in the average, 
varied considerably. This was due, firstly, to the difficulty of accurate sepa- 
ration of fat from the very atrophied and degenerated sexual organs of 
castrated rats; and secondly, probably to the absence of considerable changes 
in the organs of castrated animals under the influence of pituitary injections. 
That the injections had the maximum effect on cryptorchid animals shows 
that the extracted hypophyseal substances are closely correlated with a special 
testicular tissue. However it is not possible from the present data to conclude 
whether this effect was due to the atrophy of the generative tissue or to the 
hypertrophy of the interstitial tissue. 


The influence on the adrenals, thyroids and hypophysis. 


It is possible to see from Table III definite decrease only in the weight 
of the thyroids of normal and cryptorchid animals injected with anterior lobe 
(on the average, of about 20 % in normal rats and in group A and about 
12 % in group B below that of the controls). In castrated rats the thyroids 
are already atrophied, as a result of castration. The injections of anterior 
lobe extract did not increase this atrophy in all the castrated rats. Of the 
15 castrated rats there was a decrease in weight of the thyroid in only 7 rats, 
in 5 rats there was no change and in 3 the gland had increased in weight 
as compared with the castrated controls. The divergence of these results, 
therefore, renders them inconclusive in considering castrated rats. Similar 
divergent results were obtained in the weights of the hypophysis in the indi- 
vidual rats used in this experiment. On the average, however, there was a 
slight decrease in the weight of this gland in the groups of normal and group A 
of cryptorchid rats (about 9 and 13 % respectively below that of the controls). 

The weights of the adrenals did not show any definite change under the 
influence of anterior lobe injections in the normal and castrated rats and in 
group A of cryptorchid rats. However, there was an increase by about 31 % 
in the weight of the adrenals of the rats of group B, injected with a different 
batch of the pituitary extract. 


Discussion. 


Taking into consideration our previous paper [Korenchevsky and Dennison, 
1929] as well as the results obtained in the present experiments, it is possible 
to state that from the anterior lobe of the hypophysis an extract was prepared 
which depressed nitrogen metabolism, produced atrophy of the sexual organs 
(testis, prostate, seminal vesicles and penis) and of the thyroid gland in male 
rats. This extract did not affect the growth of rats but it decreased the amount 
of body fat, as judged by the amount of intra-abdominal fat. The atrophy of 
the sexual organs was more pronounced in the cryptorchid group than with 
the normal and castrated rats. With the exception of a considerable decrease 
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of body fat, the smallest changes were observed in the group of castrated rats. 
These results, therefore, agree with those of Evans and Simpson [1926], 
Smith [1927, 3] and Bied] [1927], whose extract depressed the development 
of the testes. Smith, alone, made accurate weighings of the glands of the 
few male rats used in his experiments. 

In the numerous experiments on feeding with, or the injection of, pituitary 
preparations performed by other investigators no observation apparently was 
made of the amount of the body fat of the experimental animals. In no case, 
including the experiments of Evans and his co-workers, was a direct weighing 
made of the fat in the body of the animals. 

To my surprise I was unable to obtain the stimulation of body growth 
mentioned by Evans and Simpson [1928], although my alkaline extract was 
prepared in a manner nearly identical with theirs. It is improbable that the 
use of glycerol in place of water in the first stage of the preparations (see 
p- 387) was responsible for the divergence. Since the influence on the sexual 
organs was a depressing and not a stimulating one, an antagonistic action of 
the sexual hormone upon the growth-promoting hormone cannot be the 
explanation as was suggested by Evans and Simpson for their results [1928]. 
Neither from the papers of Evans and his co-workers, nor from the papers of 
other authors, can indisputable evidence be obtained of the presence of 
hormones in extracts of hypophysis which stimulate the growth of male 
sexual organs. The chief difficulty in interpreting many of the experiments is 
that the authors do not always give figures for the weight of the testes and 
do not calculate their results per unit of body weight, nor do they use for 
their controls in their experiments brothers from the same litter. These 
deficiencies in technique may lead to the gravest mistakes, since I have 
observed that different litters have different weights of organs and of body fat. 

It is important to stress, however, that on one hand Smith’s [1927, 3, 4] 
implantation experiments showed a stimulating influence of the anterior lobe 
on the male sexual organs, adrenals and thyroids, and Evans and his-co- 
workers obtained extracts which were growth-stimulating. On the other hand, 
extracts can be obtained, as my experiments show distinctly, which depress 
nitrogen metabolism, diminish the size of the testes, the prostate, the seminal 
vesicles, the penis and the thyroid and decrease the deposition of fat. Never- 
theless, these extracts do not influence body growth. It may, therefore, be 
suggested that probably the pituitary contains antagonistic substances for all 
these functions. It would be unjustifiable, as Evans and Simpson [1928] do, 
to suggest that there are only two hormones, one required for the normal 
development of the gonads, thyroid and adrenals and a second for the pro- 
motion of growth, and that the latter can be completely nullified by the 
simultaneous administration of the first. 

The extract which I isolated seems to differ from that obtained by Evans 
and his co-workers, since in my experiments a growth-promoting substance 
was absent or nullified and at the same time evidence was lacking of the 
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presence of a hormone which stimulates the activities of the gonads. On the 
contrary, the extract possessed, except any influence on body growth, a 


general depressing action. 
SUMMARY. 


1. Aslightly alkaline extract, py about 7-4, was prepared from the anterior 
lobe of the pituitary of oxen which had been ground with glycerol, kept at 
— 5° and injected intraperitoneally into normal, cryptorchid and castrated 
young and adult male rats in amounts of 1 to 2 ce. 

2. No decided influence was noticed on the growth of the animals as 


judged by the weight of the rats. 

3. Body fat as judged by the intra-abdominal fat was decreased on the 
average by about 24 %. 

4. Under the influence of injections of the extract the weight of penis, 
testes, and prostate with seminal vesicles was decreased to the greatest extent 
in cryptorchid animals (on an average for these organs by 31, 30 and 62 % 
respectively). This effect was less noticeable in normal and absent in castrated 
rats, showing that a correlation exists between the extracted hypophyseal 
substances and a special testicular tissue. 

5. The weight of the thyroids was decreased by about 17 % in normal and 
cryptorchid animals, but not significantly in castrated rats. 

6. It is concluded that the anterior lobe contains substances diminishing 
the weights of the penis, prostate, seminal vesicles, testis and thyroids and de- 
creasing fat deposition and nitrogen metabolism. 

7. It is suggested that these substances are antagonistic to the growth- 
and male gonad-stimulating hormones, made evident by implantation experi- 
ments; and to the growth-promoting hormone, prepared by Evans and his 


co-workers. 


A grant from the Medical Research Council and the hospitality of the Lister 
Institute have enabled me to carry out this work, and to them my thanks are 
due. I wish also to express my sincere gratitude to Sir Charles Martin for 
his continuous support and criticism of this paper. 
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THE increasing knowledge of sugar structure and its physiological significance 
has prompted a close scrutiny of the methods for the quantitative analysis of 
reducing sugars. Most of the methods are based on the oxidation of the sugars. 
The amount of oxygen consumed permits a comparison of the oxidising re- 
agents. The products of oxidation are in most instances not uniform, thus 
the oxygen factors are only pseudo-stoichiometrical [Sobotka, 1926], but a 
comparison of these factors with the degree of oxidation in the possible reaction 
products conveys a general idea of their nature. 

Lobry de Bruyn and Nef and, particularly, Evans [1929] have dealt with 
the numerous products obtained by alkaline rearrangement and oxidation of 
carbohydrates. These researches have established beyond doubt what may be 
termed progressive enolisation as the key to sugar destruction. By extending 
the range of substrates over the field of methylated glucoses it has been 
demonstrated [Sobotka, 1926] that the methoxy-group is an obstacle in the 
progress of enolisation in the Bertrand solution and more so in the less alkaline 
Fehling reagent. 

Purely steric differences, as between glucose and galactose, give rise to 
merely insignificant deviations with the usual alkaline copper solutions. Micro- 
methods like Bang’s according to Rohny [1928] and the Folin-Wu method 
according to Greenwald et al. [1924] yield rather divergent figures for hexoses 
other than glucose. It has been found that alkaline mercury solutions oxidise 
quantities of aldoses and ketoses above 10 mg. at a remarkably constant rate 
of 6-0 oxygen equivalents. This linear function was entirely distorted for 
smaller amounts ceteris paribus (unpublished experiments). Such irregularities 
in the lowest sections of the sugar-oxygen curves are at least in part due to 
a passive state of the complex metal ion in absence of certain organic groups; 
their bearing upon steric differences of the sugars is important but not obvious. 

A constant difference between glucose and galactose was realised over a 
wide range of concentrations when employing potassium ferricyanide as the 
oxidising agent. The Hagedorn and Jensen method has been adapted to 
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amounts of glucose of 1-10 mg. by Issekutz and Both [1927] and up to 
4 mg. by Hanes [1929]. We adopted Hanes’s accurate and convenient volu- 
metric procedure. Pucher and Finch [1928] seem to have been the first to 
describe the low reduction power of galactose with the Hagedorn-Jensen 
reagent. Their results were recently confirmed by Hawkins [1929] for the 
gasometric ferricyanide reagent. 

The complex iron salt of the mildly alkaline Hagedorn-Jensen reagent 
probably approaches the conditions of physiological sugar oxidation more than 
any copper, mercury, bismuth or permanganate solution. One may attribute 
special significance to its steric predilections. 

By unrolling the cylinder of the accepted pyranoid formulas of the hexoses 
[Haworth, 1929], we obtain the following symbols for the d-hexoses: 
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Disregarding the labile steric configuration on the first C atom (C,) glucose 
shows an alternation of the hydroxyls throughout the molecule: C, trans 
C, trans C,. Accordingly in mannose and rhamnose: C, cis C; trans C,, and in 
galactose: C, trans C, cis Cy. 

The average reducing power of mannose is only slightly less than that of 
glucose. The isomerism along the C,—C; link is therefore not important for the 
stability of the hexose chain towards ferricyanide. In all other instances the 
increased reactivity of the trans-configuration is conspicuous. The great 
difference of approximately 24 % for glucose minus galactose must be attributed 
to the trans-configuration on C,—(C,. 














Haworth [1929] pointed out that the asymmetry of the fifth carbon atom may be interpreted 
in the above ring formula (I) as a trans or cis location of the side chain —CH,OH with respect to 
the hydroxyl on the fourth carbon atom. It is not possible to ascertain the influence of this 
isomerism as the number of hexoses available for comparison is limited; but it seems probable that 
this end of the carbon chain is of no importance for the reducing power. 
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In order to extend this investigation we tested three of the four possible 
aldopentoses. 





OH H OH H VI. mg. 
| | | 
C——C——C O d-Xylose (the Greek letters indicate the location of 
| | | OH on C, in the isomeric forms) 
6 H OH H 4H 





Omitting the cis-trans-isomerism between C, and C, (a—8 forms), they show the 
following differences: 

Xylose (VI)  C, trans C, trans C, 

Arabinose C, trans C, cis Cy 

Ribose C, cis Cy cis Cy. 

Arabinose with an oxygen equivalent for ferricyanide of 4-18 resembles 
galactose with 4-04; xylose with 4-56 equivalents ranges below the analogous 
hexose, glucose, with 5-31. The decrease of reducing power by 8-3 % and 7-3 % 
from xylose to arabinose to ribose permits the conclusion that in the oxidation 


PH CD OOO ED > 
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of aldopentoses, the influence of trans or cis position between C, and C, is equal 
to that between C, and C,. This finding, together with the lower absolute 
reducing power of pentoses, shows that the progress of enolisation and oxida- 
tion does not reach beyond C; in the five-carbon sugars under the experimental 
conditions. The oxygen equivalent of ribose of less than 4 (= two atoms 
oxygen) barely allows for the formation of a keto-pentonic acid and for the 
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cleavage into formic acid and erythronic acid. This is in sharp contrast to the 
pivotal C,—C, link of the hexoses. 

The Lobry de Bruyn rearrangement leads to the formation of talose and 
tagatose from galactose. Determinations of optical rotation, copper and ferri- 
cyanide reduction from Lobry de Bruyn equilibria of glucose and of galactose 


reveal parallel changes. Hence, in the ketohexoses the reducing power of 
tagatose (C, cis C, trans C,) is essentially lower than that of fructose (V) (C, trans 
C, cis C;). This corroborates the assumption that the considerable differences 
in the reducing power of hexoses are due mainly to the cis-trans-distribution 
of the hydroxyls on the third and fourth carbon atom. 

The reducing power of rhamnose is identical with that of glucose or mannose 
in amounts of 2 mg. or less; in higher concentrations, it exhibits considerable 
deviations. 

Despite the identity of their reducing moiety we observed a slight increase 
of maltose over lactose. This may be due to the difference of the other moiety 
set free by partial hydrolysis which is in turn indicated by the high absolute 
equivalent of more than 8 equivalents of oxygen. 

The difference between the reducing power of glucose and galactose with 
respect to K,Fe(CN), may be applied with great advantage to the analysis of 
mixtures, as in selective glycolysis, in the hydrolysis of saponins, etc. In 
combination with the polariscope, the accuracy of these analyses proved to be 
almost doubled. 
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Table I. Titration data and oxygen equivalents. 
Glucose Glucose 


Sugar Glucose Fructose Mannose Galactose Galactose Fructose Xylose Arabinose Ribose Rhamnose Maltose Lactose 
mg. ce. ce, ce. cc. cc. cc. cc. cc. ce. cc. cc. ce. 
0-01 N thiosulphate 

1-45 1-55 1-45 1-02 1-21 
2-91 3-10 2-92 2-19 2-46 
4-40 4-70 4-30 3-40 3°75 
5-91 6-28 5-87 4-50 5-00 
7-38 7-83 7-46 5-64 6-33 7-49 7-67 6-08 5-78 
8-93 9-39 8-63 6-86 7-65 ° 9-06 9-27 7-23 6-89 
10°55 10-90 10-38 8-12 9-24 10-36 10-59 9-92 9- 10-51 8-47 7-92 

— 12-48 11-42 912 10-49 11-91 11-83 11-28 rA¢ 11-56 8-88 

— — 10-41 _. —— a 12-29 ‘76 =12-10 9-92 


1-63 1-33 1-22 
3-13 2-44 2-44 
4-86 3-63 3°49 
6-49 4-96 4-54 
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6-07 


yo BS Sh = DS 

aonron 
TOE bo 
OO 
m Or or orbs © 


DT OU bo 


Ow @m Wo 
“Ibo =I  @ 


Oxygen equivalents 

3-67 4-35 — 4-65 4-20 
3°94 4-43 5-19 4-66 4-08 
4-08 4-50 5-21 4-65 4-15 
4-05 4:50 5-28 4-55 4-16 
4-06 4-56 5-28 4-49 4-23 
4-12 4-5) 5-32 4-53 4-2] 
4-15 4-7: 5:33 4-54 4-25 
4-11 4-7: 5:37 4-44 4-23 

4-16 — — 4-10 
404 455 528 456 4:18 
- 23-9 14-3 0-5 14-1 
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5-07 
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* % deviation from xylose. 


EXPERIMENTAL. 


The procedure of Hanes was followed, but 0-01 N sodium thiosulphate 
was used for all titrations. In Table I are given the titration data of dupli- 
cate determinations and the oxygen equivalents for the sugars studied. All 
sugars, except the two disaccharides, were anhydrous; maltose and lactose 
were the monohydrates. The stock solutions were freshly prepared and 
checked by the Bertrand method and by optical rotation. These concentrations 
were 10-00 + 0-03 %. Decimal dilutions were made for the determinations 
and any deviation from 10-00 % in the stock solution was taken into account. 
The variation in reducing power with concentration of sugar is shown by the 
curves in Fig. 1. 

10% solutions of glucose and galactose were set up in 0-1 N NaOH; one 
portion of each was neutralised immediately, another after 24 hours at room 
temperature. In another experiment they were exposed for 12 hours to 
0-5 N NaOH at 30°. The [a], of the glucose changed from + 52° to + 11°in the 
former and to — 4° in the latter experiment, the [a], of the galactose from + 81° 
to + 56° and + 43° respectively. The apparent diminution of ferricyanide- 
reducing power was 5-4 % for glucose and 7-8 % for galactose in the second 
experiment, whereas the 0:1 N alkali did not decrease the reducing titre of either 
solution for ferricyanide. As fructose shows a smaller reduction than glucose by 
Bertrand’s method [Rohny, 1928] but a greater one with ferricyanide, the 
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. Hanes 3 ie ie : 
quotient fom changes from 1-00 to 1-035 and 1-09 in the glucose experi- 


ments, and from 1-00 to 1-055 and 1-07 in those with galactose. From these 
findings it may be concluded that the Lobry de Bruyn alkali rearrangement of 
galactose into the epimeric talose and the ketose tagatose causes merely slight 
changes of ferricyanide-reducing power analogous to those observed in the 
glucose-mannose-fructose group. The average ferricyanide-reducing power of 
the alkaline equilibrium mixture derived from galactose remains more than 


20 % below that from glucose. 
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Fig. 1. Titration data for (1) Fructose (17), (2) Glucose (A), 
(3) Galactose + glucose (1:1) (1) and (4) Galactose (O). 


The reducing power of invert sugar is practically that of glucose instead of 
the expected average of glucose plus fructose. This parallels Rohny’s [1928] 
findings for the Bertrand method. For the glucose-galactose mixture the curve 
approaches the mean value, but is slightly closer to the galactose curve. It is 
easy to correct the interpolations incident to the analysis of varying mixtures. 


SumMMaRY. 
1. Significant differences in the reducing power of several sugars with 


K,Fe(CN), are demonstrated. 
2. These differences are correlated with trans and cis configuration of the 


sugars in the following manner. In aldo- and keto-hexoses the configuration 
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between the third and the fourth carbon atom is the determining factor: in 
aldopentoses the configurations of C,—C, and C,—C, share the influence on 


the reducing power. 
This is illustrated by the following examples: 
glucose/mannose, isomerism on C,—C;, no difference in reducing power; 
glucose or mannose/galactose C,;—C,, trans > cis; 
arabinose/ribose C,—C,, trans > cis; 
xylose/arabinose C,—C,, trans > cis. 


We wish to thank Dr P. A. Levene of the Rockefeller Institute for Medical 


Research, for a specimen of pure ribose. 
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XLVII. A NOTE ON THE OXYGEN CONSUMPTION 
OF NERVE IN THE PRESENCE OF GLUCOSE 
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In a previous communication [Sherif, 1930] reference was made to the effect 
of galactose on the oxygen uptake of mammalian (rabbit) peripheral nerve, as 
measured in Barcroft’s apparatus. Since then, a good many more experi- 
ments have been performed, and the results, though at present isolated 
observations, seem worth recording briefly, in the expectation that they may 
have a bearing on future work. 

It was found that, if galactose in concentrations of 0-1 to 0-25 % was 
added to the fluid (Ringer or Ringer plus phosphate buffer) in which one of 
the nerves under observation was bathed, the oxygen uptake, measured over 
the usual three hour period, was very nearly linear, while that of the “control” 
nerve (no galactose) usually showed a distinct falling off. If glucose were 
substituted for galactose, the same effect could not be demonstrated with 
certainty. Since, however, in a number of experiments, the oxygen uptake 
of the control nerve was itself almost linear, a certain doubt was thrown on 
the reality of the result, although the average values for oxygen uptake, 
calculated for a number of experiments, substantiated the findings. By pro- 
longing the experiments over periods of 9 hours it has been possible to obtain 
definite results; errors due to bacterial growth in these experiments were 
avoided by washing the nerve and renewing the fluid at intervals of somewhat 
less than 3 hours. In these circumstances, a very definite falling off of the 
rate of oxygen uptake by the “control” nerve occurs, while that of the nerve 
in the presence both of galactose and glucose remains linear (Figs. 1 and 2). 

Gerard [1927] found that glucose in concentrations of 0-1 % had no effect 
on, or in greater concentrations diminished, the oxygen uptake of frog nerve. 
Such would have been our own conclusion for rabbit nerve had we not finally 
prolonged our experiments. Holmes and Gerard [1929, 1930] have found 
that carbohydrate disappears from nerve during rest in oxygen, though the 
nature of the carbohydrate remains uncertain. Nerve contains at least 5 mg. 
of galactose per g. tissue, combined as cerebroside. If this carbohydrate were 
available for oxidation, it is hard to see why further additions should affect 
the oxygen uptake. 





OXYGEN CONSUMPTION OF NERVE 401 


Loebel [1925] has found that, while the oxygen uptake of slices of brain 
tissue is very markedly increased by glucose, it is diminished by galactose. 
We have confirmed this effect with glucose, and we find that, provided Ringer’s 


© Glucose 0*25% i600- © Galactose 0-25% | 
x Control x Control 
ro) 


mm.® O, per g. nerve 


120 360 
Fig. 1. Fig. 2. 
Time (minutes) Time (minutes) 
Fluid—4 parts Ringer, 1 part Fluid—4 parts Ringer, 1 part 
phosphate buffer, py, 7-6. phosphate buffer, p,; 7-4. 
Arrows indicate where fluid was renewed. Arrows indicate where fluid was renewed. 
solution is used as suspension medium, galactose does not affect the oxygen 
uptake. 
The quantitative difference in the behaviour of brain and nerve towards 
the two sugars is thus very striking. 


SUMMARY. 


Both galactose and glucose prolong the period for which isolated mam- 
malian nerves take up oxygen at a steady rate. 
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Ir is now some time since Nanji, Paton and Ling [1925] showed that the 
constitution of the unit of the pectin molecule might be expressed by a definite 
chemical formula. Their views seem to have met with fairly general accep- 
tance, as evinced by a number of later publications by various authors. 
Little attempt, however, has been made subsequently to examine the conse- 
quences following the treatment of pectin as a definite chemical entity. 


A number of researches has been carried out on the condition and function 
of pectin in the plant tissues, while the metabolic changes undergone by the 
pectic substances during the ripening and senescence of fruits have received 
particular attention; but in most cases the physiological aspect has been 
predominant, to the neglect of the chemistry of the subject. This is un- 
fortunate, since it is not possible to obtain a complete and true picture of 
the metabolism of any substance until the chemical changes which result in 
its formation and which occur in its degradation have been elucidated. 
Neither of these conditions is yet satisfied in the case of pectin, since there is 
no information as to its genesis, and little concerning its mode of breakdown 
and ultimate degradation products. The purpose of this investigation was to 
isolate certain degradation products of pectin by means not dissimilar to those 
possibly obtaining in the living plant. 

Candlin and Schryver [1928] recognised the close generic relationship 
between pectin and the hemicelluloses, and proposed to include such sub- 
stances under the general term polyuronides. They claimed to have converted 
pectin to hemicellulose by more or less prolonged treatment with caustic 
alkalis, and made the suggestion that the process of lignification involved 
the transformation of pectin to hemicellulose and subsequently, perhaps, to 
lignin by some synthetic process. Attempts by one of us to repeat the experi- 
ments of Candlin and Schryver have, up to the present, resulted only in 
failure; the alkali produced only much charred material at temperatures 





OXIDATION OF PECTIN 403 


approaching 100° and effected no appreciable change in the pectin at lower 
temperatures. 

Nevertheless, the suggestion that pectin is converted to hemicellulose is 
an attractive one, based as it is on the fact that in non-lignified tissues 
cellulose and pectin are found, together with only small quantities of hemi- 
cellulose, whereas in lignified tissues we find cellulose, hemicelluloses and 
lignin, but only traces of pectin [O’Dwyer, 1925, 1926, 1928; Norris and 
Schryver, 1925]. 

The mechanism in the plant of the transformations indicated above is 
obscure, and few attempts have been made in the laboratory to imitate such 
changes. It would seem that the action of caustic alkalis is rather drastic, nor 
does it approximate to any action likely to take place in the living organism. 
A process of mild oxidation might, however, effect the conversion of pectin 
to an allied substance both in the plant and under laboratory conditions. 
Accordingly, attempts were made to treat pectin with suitable oxidising 
agents, and bromine in the presence of calcium carbonate was first employed, 
with indifferent success. The oxidation was extremely slow, and the products 
obtained were difficult to isolate owing to the presence of unchanged pectin. 
Later, the mild oxidation effected by Fenton’s reagent—hydrogen peroxide 
in the presence of ferrous iron—suggested itself, and this proved to be the 
more useful reagent. 

It will be recalled that the pectin formula of Nanji, Paton and Ling [1925] 
involves a unit consisting of one molecule of arabinose, one molecule of 
galactose and four molecules of galacturonic acid combined as anhydrides in 
a closed ring, the four carboxyl groups being free. From primary considera- 
tions it appeared possible that these carboxyl groups might be removed by 
the action of Fenton’s reagent, and if at the same time the ring suffered no 
rupture then a product of the nature of a hexo-pentosan might be obtained. 

As will appear in the experimental section, it was found that the action 
of Fenton’s reagent was more vigorous than anticipated. The reaction was 
difficult to control; at temperatures below 30° no action was evident, whilst 
above 35° the pectin appeared to be oxidised completely away. Once com- 
menced at 30° the action was strongly exothermic, control of temperature 
was sometimes difficult and if the temperature rose above 35° the yield of 
prodycts precipitable by alcohol was considerably lowered. 

Products in the form of white powders were obtained in each of a series 
of oxidations carried out on similar samples of a commercial pectin obtained 
from lemons and on calcium pectate similarly derived. These products are 
precipitable by alcohol and bear a strong physical resemblance to the hemi- 
celluloses. Their almost complete lack of reducing power and their rather 
high rotatory power suggests that they are polymerised substances, and the 
results of analysis show that they are mixtures of substances whose simplest 
units consist of galactose and galacturonic acid combined in varying propor- 
tions. This result is a very surprising one and the original suggestion, that 
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the acid groupings might be eliminated by Fenton’s reagent, breaks down. 
The pectin ring appears to be broken, arabinose is lost and galactose and 
galacturonic acid remain. The reactions involved are probably much more 
complex than indicated by the foregoing, but at present no information is 
available which throws light on any intermediate stage of the completed 
reaction. 

EXPERIMENTAL. 


Preparation of Fenton’s reagent. 

The catalyst employed in this reaction is ferrous acetate, and since this is 
an unstable substance which readily oxidises in the air it is necessary to prepare 
it as required. About five parts by weight of barium acetate and three parts 
of ferrous sulphate are dissolved in a small volume of cold water. The filtered 
solution is employed in the reaction, but since the mixing has to be carried 
out in the cold, the precipitated barium sulphate is in such a fine condition 
that it passes good filter papers to a considerable extent. As will be seen later, 
the presence of barium sulphate tends to raise the ash content of the final 
product to a rather high figure, but this cannot easily be avoided. In some 
cases the barium sulphate was separated at the centrifuge, but this was not 
very satisfactory owing to partial oxidation of the ferrous acetate. 


Oxidation of pectin. 

The pectin employed in this work was a commercial product of good 
quality, with an ash content of 2-2 %, prepared by the method of Wilson 
[1925]. One litre of a smooth solution of 2 % concentration is placed in a 
large beaker and to this is added the iron catalyst as prepared by the method 
indicated above. For 20g. of pectin approximately 0-2 g. of ferrous iron is 
sufficient. The beaker is placed in a water-bath at 30° and throughout the 
reaction the mixture is stirred as rapidly as possible with a strong stirrer 
provided with vanes. After the addition of iron, which causes the solution 
to stiffen and gel, 50 cc. of hydrogen peroxide (20 vols.) are run in at once, 
after which the viscosity of the solution rapidly diminishes. During the next 
2 hours a further quantity of 150 cc. of hydrogen peroxide is added slowly 
from a dropping funnel and large quantities of carbon dioxide are evolved. 
Unless precautions are taken the temperature of the solution may rise to 50° 
or more and this must on no account be permitted since it is found that the 
yield is much decreased if the temperature is allowed to exceed 35°. The 
surrounding water-bath has therefore to be cooled at this stage of the reaction, 
although unless the temperature of the solution is initially raised to about 30° 
the reaction does not proceed to any extent. At the end of 4 hours the 
solution is filtered and poured into 2 to 4 volumes of alcohol, in which 
a white precipitate appears. This should be filtered off within a few hours, as 
the precipitate becomes greyish after longer contact with alcohol. A further 
small quantity of the product may be obtained by concentrating the alcoholic 
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filtrate under diminished pressure and pouring into alcohol; this product is 
identical with the bulk of the precipitate. The total yield is small, about 
5 % on an average. 

Since the Fenton reaction for the degradation of sugars of one series to 
those of a lower one is usually carried out on the calcium salt of the sugar 
acid, calcium pectate, in the form of a gel in aqueous suspension, was em- 
ployed in some cases in lieu of the pectin solution. The calcium pectate gel is 
prepared by adding to a solution of pectin an equal volume of saturated lime 
water. After standing overnight, the resulting gel is thoroughly washed with 
water and suspended in water for the oxidation, which is carried out as pre- 
viously described. By using the calcium gel as the starting point, the high 
viscosity which is given by the pectin solution in the early stages is avoided. 
However, there seemed to be no particular practical advantage in this, and 
further there was the grave disadvantage that even more inorganic material 
was introduced, with a resulting effect on the ash content of the final product. 

Many samples were prepared under various conditions of time, tempera- 
ture and concentration of pectin and peroxide, but the conditions indicated 
previously give the best yield of product, careful control of temperature being 
of major importance. If the reaction is unduly prolonged the oxidation pro- 
ceeds to a stage at which no precipitate is given with alcohol. The precise 
nature of the products under these conditions has not been determined but it 
is believed that the pectin is completely oxidised to carbon dioxide and water. 

The ash content of all preparations was high, due to the ash of the original 
pectin and the barium sulphate added with the catalyst. Various attempts 
were made to lower the ash content. Slight acidification of the dissolved product 
with hydrochloric acid, followed by dialysis, was unsuccessful since it was 
found that the products passed through good quality parchment, resembling 
in this respect certain water-soluble hemicelluloses. By repeated solution in 
slightly acidified warm water, filtration and reprecipitation the ash content 
was reduced. The amount of ash remaining, however, was even then quite 
appreciable; one sample, for instance, was dissolved and reprecipitated many 
times, but still retained nearly 8 % of ash. 


Hydrolysis of the oxidation product. 


An examination of the products of hydrolysis was carried out in some 
detail. A small quantity of the preparation was boiled for several hours with 
1 % sulphuric acid and neutralised while still hot with barium carbonate. 
The precipitated barium sulphate and excess barium carbonate were filtered 
off and the filtrate divided into three portions. 

(i) Phenylhydrazine was added and the osazone prepared in the usual 
manner. The purified osazone was obtained in the form of crystals which 
resembled those described for galactosazone, when examined microscopically. 
Recrystallised from 60 % alcohol, the osazone had m.P. 181°; this is not in 
very close agreement with the recognised melting point of galactosazone— 


Biochem. 1930 xx1v 26 





406 A. G. NORMAN AND F. W. NORRIS 


191°—but the presence of small quantities of organic material may cause a 
lowering of the observed melting point. 

(ii) Nitric acid was added to give a concentration of about 25 % and the 
mixture gently heated on a water-bath for several hours. After standing 
overnight, considerable quantities of mucic acid were precipitated, indicating 
the presence of galactose or a galactose derivative. 

(iii) To the third portion alcohol was added until a whitish precipitate 
appeared ; this was filtered off and dissolved in 25 % nitric acid. On treating 
this as in (ii) above, mucic acid was again precipitated. The white precipitate 
was therefore most probably the barium salt of galacturonic acid; this salt 
is soluble in water and would be formed when excess of barium carbonate 
was added to the hydrolysis liquid. Further critical examination was not 
possible owing to the small quantity of material available. Having regard 
to the nature of pectin it is impossible to conceive that the uronic acid present 
could be glycuronic acid; moreover, this acid yields a characteristic osazone, 
which was not detected. The presence of a uronic acid was amply confirmed 
by the results of quantitative analysis which will be discussed later. The two 
substances, galactose and galacturonic acid were the only ones detectable in 
the hydrolysis liquid. No trace of pentose was found, an observation which 
also was borne out by the results of analysis. 

The progress of hydrolysis was followed under standardised conditions, 
samples being taken from the mixture at definite intervals and reducing sugars 


being determined by the iodimetric method of Baker and Hulton [1920]. The 
results in the following table are given in terms of the iodine equivalent to 
100 g. of the ash-free product, and recalculated to galactose by the use of 


the factor 0-73. 


Table I. Rate of hydrolysis of the Fenton product. 


Time in hours Iodine equivalent to 100g. Calculated as galactose 
15-17 10-08 
25-67 18-88 
31-50 23-00 
37-30 27-20 
43-01 3l- 

45-90 33-58 
49-40 36-10 
51-20 37-40 


It will be seen from Table I that the substance gives slight reduction 
before hydrolysis and that hydrolysis with sulphuric acid of the concentration 
employed—1 °%,—is slow. The substance is therefore comparatively stable 
and the linkages within the molecule are strong. 

The optical rotation of the samples was determined in some cases and the 
products were found to be strongly dextro-rotatory. Typical results were as 


follows: 

Preparation (i) [a] + 162-9°. 
Ip ots .. 120° - L 1@1-N° 
Preparation (ii) [¢]) = + 161-0°. 


Pectin itself has a specific rotation of the order of + 231° 
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Quantitative analysis. In addition to the determination of ash, estimations 
of total furfuraldehyde by the method of Tollens were carried out, and the 
yield of carbon dioxide obtained on hydrolysis with 12 % hydrochloric acid 
was also determined by the method of Nanji, Paton and Ling [1925]. 

The content of uronic acid anhydride is obtained by multiplying the yield 
of carbon dioxide by 4 and is shown in the fourth column of Table II. It is 
also known that the uronic acid anhydrides yield approximately 16-66 % of 
their Weight of furfuraldehyde and consequently the theoretical amount of 
furfuraldehyde given by the uronic acid groups in the products can be calcu- 
lated. This calculated figure appears in column 5 of Table II and it will be 
seen that within the limits of error this approximates to the actual yield of 
furfuraldehyde obtained experimentally. Hence it is clear that no pentose 
units are present and the conclusion previously arrived at, that galactose and 
galacturonic acid are the only products of hydrolysis, is justified. 

Table IT. 
Furfuraldehyde 
Carbon Uronic oS 
Product Ash dioxide anhydride Calculated Found 


r oO ° 0 
No. /o oO /O oO /O 


/O 
17-27 15-13 60-52 10-08 10-21 


lead 

26-65 14-93 59-72 9-95 10-00 
26-55 14-44 57-76 9-61 9-85 
7-68 13-75 55-00 9-14 8-65 
13-38 13-41 53-64 8-93 8-84 
14-27 13-26 53-04 8-83 8-41 
16-42 12-95 51-80 8-63 8-70 
30-98 12-48 49-92 8-31 8-34 

All results are calculated on an ash-free basis. 

The table shows a series of products in which the amounts of galactose 
and galacturonic acid increase and decrease respectively as the table is 
descended. The last product apptoximates very closely to a simple unit 
corresponding to galactose-monogalacturonic acid (uronic acid anhydride 
content, 49-4 °) and the first products approach the figure—66-16 % uronic 
acid anhydride—required by a substance whose simplest unit would. be 
galactose-digalacturonic acid. It cannot be definitely stated, however, that 
these products represent mixtures of these two acids in polymerised form, 
since there might equally well be present acids whose simple units contain 
three or four galacturonic acid residues combined with galactose. Again, by 
an extension of the series in the opposite direction it may be possible to obtain 
mixtures containing such units as digalactose-monogalacturonic acid. Until 
further research has been carried out it is only possible to say that the 
products of oxidation of pectin are mixtures which yield on hydrolysis galac- 
tose and galacturonic acid in varying proportions, which depend on the 
exact conditions of the reaction. These mixtures probably represent stages in 
the reaction, and were the latter more susceptible to accurate control there 
seems no reason, in theory, why one or other of the constituents of the mixture 
should not solely be obtained, as, in fact, appears to be the case with sample 


No. 8. 


1 
2 
3 
4 
5 
6 
7 
8 


96—2 
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DISCUSSION. 


The oxidation of pectin by means of Fenton’s reagent thus follows a wholly 
unexpected course. There is no production of the hexo-pentosan which theore- 
tical considerations led us to expect. Nevertheless, the conversion of pectin 
to a mixture of substances with a strong generic resemblance to the hemicellu- 
loses may be said to have been achieved. The two hemicelluloses of beechwood 
isolated by O’Dwyer [1926] yielded on hydrolysis arabinose and galacturonic 
acid, and xylose and glycuronic acid respectively. Norris and Preece [1930] 
have recently described hemicelluloses of wheat bran which yield in one 
case two sugars, and in other cases a sugar and a uronic acid on hydrolysis. 
Norman [1929, 1] has isolated hemicelluloses from cereal straws which yield, 
similarly, a uronic acid and pentose and hexose sugars. Schorger and Smith 
[1916] described a substance which they termed e-galactan, a water-soluble 
and slightly reducing product obtained from the wood of the Western Larch. 
Careful analysis by them showed that galactose was the only sugar present. 
The e-galactan, however, yielded 6-18 % of furfuraldehyde. It would seem 
now that this was undoubtedly due to galacturonic acid and that e-galactan 
is a substance not unlike those produced by us in the oxidation of pectin. The 
6-18 % of furfuraldehyde would be derived from 37-2 % of galacturonic acid 
anhydride, the remaining 62-8 % presumably consisting of anhydro-galactose. 
This corresponds very closely with the simple unit represented by digalactose- 
galacturonic acid. The conviction is therefore growing that the structural 
hemicelluloses will be found to exist universally as conjugated products, which 
yield on hydrolysis either two sugars, or, more generally a sugar or sugars, 
and a uronic acid. 

Clearly then, such products as have been obtained by the mild oxidation of 
pectin fall within the category of hemicelluloses or polyuronides as indicated 
above. Meanwhile attempts are being made to separate the products obtained 
into their components. 

Norman [1929, 2] has suggested that the formation of substances of the 
nature of pectin, hemicelluloses and the gums, can be accounted for by the 
mild oxidation of linked hexosan units. This theory therefore receives some 


support from the results described above. Oxidation by means of Fenton’s 
reagent is being applied to natural products related to pectin with a view 
to the publication of further details of the method in the near future. 


SUMMARY. 


1. Pectin may readily be oxidised by means of Fenton’s reagent. 
2. The reaction temperature must be carefully controlled, and must not 
be lower than 30° nor higher than 35°. 

3. The products of this exothermic reaction are mixtures, yielding on 
hydrolysis, galactose and galacturonic acid. They are possibly polymers con- 
taining mainly galactose-monogalacturonic acid and galactose-digalacturonic 
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acid, although the presence of other conjugated acids containing galactose 
and galacturonic acid is not ruled out. 

4. The products resemble in appearance and general properties the 
structural hemicelluloses, such as those obtained from wheat bran, beech wood 


and cereal straws. 
5. Some support is lent to the view that the hemicelluloses may be formed 


in nature by the protracted mild oxidation of pectin. 
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Or the enzymes involved in purine metabolism, it has been shown that in 
the mammalian embryo xanthine oxidase is one of the last to function and 
does not appear until in late antenatal or early postnatal life. 

Working with the livers of embryo pigs, Jones and Austrian [1907, 1, 2] 
could not demonstrate its presence in embryos up to 200 mm. in length. 
Mendel and Mitchell [1907, 1907-8], working with embryos up to 230 mm., 
came to the same conclusion. These authors found the enzyme to be present 
in the liver of a suckling pig about 7 -veeks old; intermediate stages were 
not examined, so the exact time of its appearance in the pig’s liver cannot 
be stated. Wells and Corper [1909], working with human foetus, found the 
enzyme to be present in the liver and viscera at full term, but could not 
demonstrate its presence at, or before, the 6th month, it presumably being 
developed between that time and full term. Przylecki and Rogalski [1927], 
working with glycerol extracts of whole embryos, demonstrated the presence 
of the enzyme in embryonic chicks on the 7th day. 

It seemed of interest to determine with greater precision the period in the 
development of the avian embryo at which the enzyme makes its appearance 
in various organs. The earlier studies involved the laborious process of esti- 
mating the bases before and after the experimental period. The methylene 
blue anaerobic technique, as first employed in this connection by Morgan, 
Stewart and Hopkins [1922] and by Morgan [1926], makes the demonstration 
of the enzyme an easy and rapid affair. 

The organ or tissue is ground up with a measured volume of 2 % sodium 
fluoride solution, and, in order that any xanthine or hypoxanthine originally 
present in the extract may be destroyed (by oxidation under the influence of 
the enzyme), the preparations are allowed to stand for 24 to 48 hours. 

The py of the solution if below 6-0 being adjusted to this value, the time 
taken for the reduction of a measured amount of methylene blue is deter- 
mined, (a) in the untreated extract as a control, (b) after the addition to the 
extract of a suitable amount of hypoxanthine. 

After treatment as above, the extract by itself reduces very slowly, if at 
all, whereas, when the oxidase is present, the velocity of reduction is greatly 
increased by the addition of hypoxanthine. On the other hand, when the 
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enzyme is absent the reduction times of the extract with and without added 
hypoxanthine are found to agree very closely. 

It is clear that the reciprocal of the reduction time gives a not unsatisfactory 
measure of the relative concentration of the enzyme. 


EXPERIMENTAL. 


White Leghorn hens’ eggs were used for the investigation. The eggs, after 
the proper time of incubation, were opened, the embryos removed, washed 
in three changes of distilled water and dried on filter paper. Up to and in- 
cluding the 14th day the whole embryos were used; on the 15th day and after, 
the dissected organs from several embryos were used. 

Preparations were then made from the embryos or organs. Five volumes 
of 2% sodium fluoride solution were used for the yolk and yolk sac, and 
10 volumes for all other preparations, with the exception of the pancreases, 


which were ground up with 5 ce. irrespective of their weight. 


Table I. 


R.T.=Time for complete reduction. 
A plus sign in the R.T. columns indicates that the observation ceased before reduction was 
complete, no difference being then observable between the two tubes compared. 


Day of Nos. of R.T. . ; 
incuba- embryos Tissue — ~ Xanthine 
tion used preparation Control Hypoxanthine oxidase 


5 10 Whole embryos 11 hrs. 11 hrs. 
8 3 16 16 
9 10 ; 8 } 8 
11 10 
13 y ; 
15 Livers 4 50 mins. 
a Kidneys 
i Other viscera 
16 Livers 
* Kidneys 
17 Livers 
18 ” 
ob Kidneys 
Livers 
Kidneys 
Pancreas 
Livers 
Kidneys 
Pancreas 
Heart 
Lung 
Muscle 
Intestines 
Gizzard 
Kidneys 
Pancreas 
Livers 
(eggs not chipped) 


%” ” 





@ 
= 


50 mins. 
37 

5 

5 


10 


5 
13 
47 
10 


bo 


12 


bo 
RAND OeKHOWAISC ROU UR AIO r ® 


ooo 


bo 
CO He DOL? 0100 OO ROR OR OL OI Ord TI 


~ 
wo 


” 


bo Go or 


Livers 

(chicks’ heads 

through shell) 

24 hrs. old Lives” 
chicks 
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Table II. 


Day of R.T. 
incuba- — ‘ — Xanthine 
tion Preparation Control Hypoxanthine oxidase 
0 Yolk 24 hrs. 24 hrs. 
2 a 24 ,, 
3 ‘ ae t 24 
4 I a 24 
6 Be 4» 24 
*” 24 24 
7 ae 24 ,, 
” a t Mm Trace 
8 a ise 24, ~ 
9 48 ,, 1] Trace 
9 _ ~ as 
9 : 4 ,, 3 mins. 1 5 mins. 
1] “4 , 24 
99 ; Ds Ae oe 0 
13 - - ;, + 24 
- 2 a ys 0 
15 ae ss ms 
2 ; 2, 3 , i; @& 
16 . . Soap, Dig 
18 z ae 9 ,, 30 
me. 4 1 ee 





°° 

19 ss 
2 p 2% , 56 
“wo is = - 7 
21 i 7 m « 50 
- a 3 , 30 


” 


From 2 to 5 cc. of the preparations were measured into two vacuum tubes. 


To one was added from 0-2 cc. to 0-5 cc. of a freshly prepared M/100 hypo- 
xanthine solution in phosphate buffer py, 7-6, and to the control the equivalent 
amount of phosphate buffer. To each was added the same quantity, 0-5 cc. 
to 1 cc., of M/100 methylene blue solution. The tubes were well evacuated, 
placed in a thermostat with a glass side at 37°, and the reduction time noted 


(Tables I and IT). 


DISCUSSION. 


It will be seen from the tables that the method used gave results which 
for the most part were unequivocal. In the majority of the observations, 
which have been assumed to prove the absence of the oxidase, the R.T. 
figures for preparations, respectively with and without added hypoxanthine, 
were practically identical. So frequently was this agreement observed, when 
the tissues had received the treatment described, that a relatively small 
increase in the velocity of reduction due to the addition of hypoxanthine (as 
in the case of the embryo pancreas on and after the 19th day) seems to prove 
that the oxidase was then present in low concentration. 

It will be seen from Table I that the oxidase was present in the kidney 
from the 15th day and in the pancreas from the 19th. In each case the day 
mentioned was the earliest upon which the organ in question was examined 
individually. Before the 15th day whole embryos had to be employed. It is 
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possible that the developing kidney might earlier have contained low con- 
centrations of the enzyme; the organ constituting, however, too small a pro- 
portion of the whole embryo for this to be detected. It is certain that the 
enzyme was absent from all other organs of the embryo examined up to the 
last day of incubation, when it suddenly developed in the liver. 

On the other hand the evidence seems conclusive in showing (Table II) 
that it may be present in the yolk sac, though not in the yolk, from the 
7th day onwards. Since other authors have found that the yolk sac has 
properties which are not those of an inert membrane it may prove of interest 
to have shown that a catalyst is associated with its structure. 

Przylecki and Rogalski [1927], as mentioned earlier, found some evidence 
for the existence of the oxidase on the 7th day. It is not clear from their 
papers whether the material they extracted contained the yolk sac or not. 

I have previously [1926] reported a negative result for the pancreas of 
the fowl but the enzyme is undoubtedly present, although in relatively low 
concentration, in the White Leghorn embryo and chick’s pancreas used in 
this research. This may be a question of age, or of activity of the gland and 
will need reinvestigation. 

The circumstances of the appearance of the oxidase in the liver constitute 
the most interesting point revealed by this investigation. So far as its late 
appearance in this organ is concerned the results are in accordance with what 
has been found in the mammalian embryo; but my observations indicate 
that the appearance is, in the case of the fowl, a highly critical phenomenon. 
I have found consistently that on the last day of the incubation, before the 
chicken has broken the shell, no evidence of the presence of the enzyme in 
the liver can be obtained. Yet by the time a hole is made big enough for 
emergence (representing but a few hours’ activity on the part of the young 
bird) the oxidase is found in the organ in highly effective concentration. 
There is a further increase during the first day after emergence. 

It would seem that any speculations concerning the nature of biological 
catalysts of this type must take account of the fact that their appearance in 
a tissue may be of this sudden kind. 


SUMMARY. 


1. "The embryo of the chick has been investigated for the presence of 
xanthine oxidase. It is present in the kidney on the 15th day and in the 
pancreas on the 19th day, the earliest days on which the individual organs 
were tested. 

2. It is not present in the liver until the 21st day when its appearance is 


strikingly sudden. 


My thanks are due to Sir F. G. Hopkins for giving me opportunities for 
making the observations and to Dr Needham for the supply of the embryos 


employed. 
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THE catalytic effect of salts of copper and other metals on the oxidation of 
cysteine was first demonstrated by Mathews and Walker [1909]. The greatest 
activity was obtained in a neutral solution of cysteine and the least in an 
acid solution. In spite of this work the reaction was considered for many 
years to be one of autoxidation in which the cysteine, when under favourable 
conditions, is oxidised directly by atmospheric oxygen. However, the so-called 
autoxidation was shown by Warburg and Sakuma [1923] to be due entirely 
to the presence of heavy metals, and to be to a large extent inhibited by 
KCN, the effect of which they ascribed to the formation of an inactive com- 
pound with the heavy metals present. 

Toda [1926] showed that the addition of iron accelerated the reduction 
of methylene blue by cysteine and that this reaction was inhibited by KCN. 
Harrison [1927] found that copper was also active in stimulating the anaerobic 
oxidation of cysteine and thioglycollic acid, and that cyanide was equally 
effective in the inhibition of the reaction under these conditions as in aerobic 
oxidation. These observations undoubtedly prove that the oxidation of 
cysteine in any appreciable amount takes place only in the presence of certain 
heavy metals. 

The catalytic effect of heavy metals on the oxidation of cysteine has been 
used by Warburg [1927] for the quantitative determination of these elements 
when present in minute traces. He found that pyrophosphate inhibited the 
activity of iron and manganese completely, but did not affect the action of 
copper in the oxidation of cysteine. He could therefore determine quantita- 
tively small amounts of copper in the presence of iron and manganese by 
following the rate of oxygen uptake with cysteine in a pyrophosphate buffer 
solution under fixed conditions. 

Apart from these studies very little work has been done on the various 
factors influencing the action of copper in the oxidation of cysteine. Dixon 
and Tunnicliffe [1923], before the importance of the presence of heavy metals 
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was realised, made a very complete study of the factors affecting the oxida- 
tion of cysteine, as well as of glutathione and thioglycollic acid. Itis difficult 
to say, however, whether the oxidation obtained in the case of these sulphydryl 
compounds was due to the presence of iron, copper, or even other metals. 
A study of the factors operative when copper alone is responsible for the 
oxidation is, therefore, important. 

The fact that copper may interfere when cysteine is used for the study of 
oxidase activity was recently demonstrated by Keilin [1930], who used the 
rate of cysteine oxidation to determine the activity of an oxidase-cytochrome 
system. When he added M/100 pyrophosphate to the mixture of cysteine, 
cytochrome, and oxidase, in an orthophosphate buffer at p,, 7-3, to determine 
if any of the activity was due to free iron, which pyrophosphate would inhibit, 
he found that there was a great acceleration in the oxygen uptake rather than 
an inhibition. Keilin suggests that this acceleration is due to the action of 
pyrophosphate on the copper which may be present in the heart muscle 
preparation used as the source of oxidase. A quantitative determination of 
copper shows that there is a sufficient amount of this element present to 
account for the increased oxygen uptake observed. 

Dixon and Elliott [1929] found that the addition of small concentrations 
of pyrophosphate caused a slight acceleration in the respiration of liver in 
buffer solutions. This may also be due to the action of pyrophosphate on the 
copper in the liver, because no acceleration was observed in the case of muscle 
which is much lower in copper. Of course in the direct measurements on 
tissues the action of pyrophosphate is complicated by the presence of iron. 

The following experiments are recorded to explain this phenomenon as 
well as to demonstrate other factors which affect the catalytic properties of 


copper. 
EXPERIMENTAL. 


All the measurements were made aerobically and the rate of oxygen uptake 
was measured in Barcroft differential manometers. The right hand flask of 
the apparatus contained in most cases 3 cc. of buffer solution including the 
cysteine and copper additions. Equivalent amounts of buffer solution were 
always placed in the left hand flask together with similar amounts of muscle 
tissue, when measurements were made with muscle as a source of copper. 
0-3 cc. of 10 % NaOH was placed in a small tube fused to the bottom of each 
flask. The apparatus was shaken in a water-bath at either 20° or 37°. Three 
to five minutes were allowed for equilibration, then the stopcocks closed, and 
readings taken at definite intervals. Extreme care was taken to free the flasks 
from any traces of copper by washing them with cleaning solution, tap water, 
HCl, tap water, and finally rinsing them several times with redistilled water. 

All solutions and reagents were especially prepared to eliminate traces of 
copper. The water used was redistilled from an all glass apparatus. 

Cysteine hydrochloride. Pure cysteine hydrochloride was prepared by 
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recrystallising twice from concentrated redistilled HCl’. The crude cysteine 
hydrochloride was dissolved in the least amount of hot HCl necessary for , 
complete solution, the solution cooled on ice, and the crystals filtered. After 
this process had been twice repeated, the crystals were dried in a vacuum 
desiccator over calcium chloride and sodium hydroxide. The purity of this 
preparation is demonstrated by the exceedingly low oxygen uptake recorded 
when it is subjected to optimum conditions of oxidation. A considerable loss 
of cysteine is encountered in this method, but the quality of the product 
justifies the loss. The cysteine hydrochloride was brought to the proper py 
with pure NaOH before being added to the mixture. 

Pyrophosphate. A concentrated solution of sodium pyrophosphate was 
made, filtered, adjusted to approximately p, 8-0, at which py copper pyro- 
phosphate is soluble, and cooled with ice to allow the salt to crystallise. The 
salt was filtered off and dried at 100°. M/5 and M/10 solutions of sodium 
pyrophosphate were made by dissolving the theoretical amount in water and 
adjusting the py, in most cases to 7-6, with N HCl. 

Sodium hydroxide. Sodium hydroxide free from iron and copper was pre- 
pared by first allowing a 40 % solution to stand for several days and decanting 
the clear solution from any precipitate formed. A 0-2M solution was then 
made and treated in the same manner. 

Phosphate buffer. This was made according to Clark and Lubs from acid 
potassium phosphate and sodium hydroxide. The 0-2M solution of acid 
phosphate was allowed to stand several days to precipitate any iron or copper. 
After adding the proper amount of NaOH to give the desired py, the solution 
was diluted to M/15 or M/30 concentration. 

Borate buffer. This was made from M/20 borax and M/5 boric acid 
according to the table of Palitzsch. These salts were used directly without 
further purification, but blank determinations showed that they contained 
very little copper. 

Copper solution. Made by diluting a standard solution of copper sulphate 
containing 0-1 mg. Cu per 1 ce. to give one which contained | x 10-* mg. 
Cu per 0-1 ce. 

Blank determinations were made first in order to determine the purity 
of the cysteine hydrochloride and the buffer solutions used. The oxygen 
uptake was measured with cysteine in M/15 orthophosphate buffer py, 7-6, 
and also with cysteine in the phosphate buffer containing M/100 pyrophos- 
phate. Similar measurements were made with Kahlbaum’s cysteine (nach 
Prof. Warburg) to compare the degree of purity of the two samples. The 
results in Table I show that the cysteine prepared by recrystallisation con- 
tained less metal than the Kahlbaum preparation. The addition of pyro- 
phosphate increased the oxygen uptake in both cases very slightly. This increase 
was not due entirely to any possible metals in the pyrophosphate but to a 
large extent to the accelerating action of the pyrophosphate on the slight 


1.T am indebted to Dr M. Dixon for suggesting this method of purification. 
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amount of copper in the solutions used. When larger amounts of pyrophos- 
phate were used, the oxygen uptake was no higher. One of the manometers 
in each series was generally used for a blank run and the oxygen uptake due 
to cysteine alone was always deducted in calculations involving an absolute 
amount of copper, but not in the results where only relative values were 
required. Whenever a relatively large oxygen uptake was observed in the 
blank, the contaminated solution was replaced by a new one. It is very 
difficult to prevent contamination when dealing with such minute quantities, 
therefore the solutions used for each series were never pipetted from the 


stock solution but from aliquots. 


Table I. Oxygen consumption by pure cysteine. 


mm. oxygen absorbed per hour 





Cysteine M/15 buffer Buffer plus M/100 Na,P,0, 
No. 1 1-2 5-0 
Kahlbaum 5-4 12-5 
Effect of pyrophosphate. 

Results demonstrating the accelerating action of pyrophosphate on a heart 
muscle preparation of oxidase are given in Fig. 1. The concentrated heart 
muscle suspension was prepared by Dr Keilin according to his usual pro- 
cedure [Keilin, 1929]. 10 cc. of this strong suspension was diluted to 50 ce. 


with M/15 phosphate buffer py, 7-6 and 1-5 cc. of the diluted mixture used in 


the Barcroft flask, or an amount equivalent to 0-3 cc. of the strong mixture. 


200 200 


mm.® oxygen 
mm.* oxygen 


15 30 45 60 
Minutes Minutes 


. 1. Effect of pyrophosphate on the activity Fig. 2. Effect of pyrophosphate on the activity 
of copper in muscle tissue. 8 mg. cysteine of copper solutions. 8 mg. cysteine in 
in 3 cc. phosphate buffer py 7-6. A, pyro- 3 ce. phosphate buffer py 7-6. A, copper 
phosphate alone. B, muscle alone. C, alone 4x 10-4mg. Cu. B, same amount 
muscle + pyrophosphate. D, 2 x 10-4 mg. of copper + pyrophosphate. 
copper + pyrophosphate. 

Each flask contained a final volume of 3 cc. of orthophosphate buffer together 
with the various additions. A, contained the buffer plus M/100 pyrophos- 
phate; B, the buffer plus muscle alone; C, the buffer plus muscle and pyro- 
phosphate; D, the buffer plus 2 x 10-* mg. Cu with pyrophosphate. The rate 
of oxidation with the same amount of muscle is twice as rapid in the presence 
of pyrophosphate as in the buffer solution alone. The rate obtained with 
0-3 ec. strong muscle suspension with pyrophosphate is about the same as 
that with 2 x 10-* mg. Cu under the same conditions. Therefore, 0-3 cc. 
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contains about 2 x 10-* mg. Cu. A determination of Cu in 75 cc. of the 
muscle suspension by the method of Elvehjem and Lindow [1929] gave a 
copper content of 0-0006 mg. Cu per 0-3cc. Only about one-third of the 
copper present is therefore available for catalytic action. This is not sur- 
prising because undoubtedly a large proportion of the copper present comes 
from the sand used during the preparation (the muscle pulp contains con- 
siderably more copper than that attributed to the heart muscle itself), and 
all the ‘copper is made soluble only by ignition and extraction with strong 
HCl. Several other determinations gave results of similar order. 
Pyrophosphate has the same accelerating action whether the source of 
copper is muscle tissue suspension or soluble copper sulphate. In the presence 
of 4 x 10 mg. Cu the rate of oxidation is almost three times as rapid when 
pyrophosphate is added as when the phosphate buffer is used alone. Curves 
demonstrating the differences in the rate of oxidation are given in Fig. 2. 
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Fig. 3. Action of H,S in presence and absence Fig. 4. Effect of phosphate buffer concen- 
of pyrophosphate. 8 mg. cysteine and tration on the activity of copper. 8 mg. 
4x10-*mg. copper in 3cc. phosphate cysteine and 4x 10~* mg. copper in 3 cc. 
buffer py 7-6. A, copper alone. B, copper phosphate buffer. A, M/15 buffer. 
+H,8. C, copper, H,S and pyrophosphate. B, M/20. C, M/30. D, M/60. 






D, copper and pyrophosphate. 










This difference in activity is more readily explained by the inhibitory 
effect of the phosphate buffer than by the accelerating action of the pyro- 
phosphate. The actual inhibitory effect of M/15 orthophosphate buffer py 7-6 
was noticed when the influence of H,S on the catalysis was studied. The addi- 
tion of sulphide decreased the activity of the copper in the presence of pyro- 
phosphate, but a decided increase was observed in the case of the buffer 
solution alone. The oxygen uptake of the different solutions is given in Fig. 3. 
The inhibitory action of sulphides agrees with the earlier results obtained 
with H,S and is probably due to the formation of copper sulphide, but the 
accelerating effect must be explained in another way. Since the H,S was 
added as an aqueous solution of Na,S (0-3 cc. M/100 Na,S per 3 cc.), the 
increased action is probably due to the dilution of the buffer solution. The 
copper becomes more soluble or more available in the more dilute solution. 
Fig. 4 shows that dilution actually hastens the rate of oxygen consumption. 
Decided increases in the rate are noted as the buffer is diluted from M/15 
to M/20 and M/30, but further dilution causes very little change in the 
reaction. 
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Effect of hydrogen ion concentration. 


These facts suggest that the solubility of the copper in the buffer solution 
is the limiting factor. If a weak solution of copper sulphate is added to the 
phosphate buffer at p, 7-6 a precipitate of copper phosphate is formed imme- 
diately, but if the same amount of copper is added to a pyrophosphate solution 
at the same py, no precipitate is formed. Variations in the py undoubtedly 


change the solubility of the copper and thus should bring about certain 
differences in the rate of oxygen consumption. Results of the measurements 
made at different H ion concentrations for M/15 and M/30 phosphate, and 
for M/15 phosphate plus pyrophosphate are given in Fig. 5. In the case of 
M/15 phosphate variations in the py have no significant effect on the oxidation 
rate, because at this concentration the added copper is changed to insoluble 
copper phosphate at all degrees of acidity. However, when the lower con- 
centration of phosphate was used a maximum activity was noted at py 7-6. 


mm. oxygen 


7°2 . . 8-4 
Pu 
Fig. 5. The effect of py on the activity of copper in different buffer solutions. Oxygen uptake 
at the end of 30 minutes. 8 mg. cysteine and 4 x 10-4 mg. copper. A, 1/15 phosphate buffer. 
B, M/30 phosphate buffer. C, 11/15 phosphate buffer + pyrophosphate. 


% soluble 
uo 
oO 


Pu 
Fig. 6. The solubility of copper in different buffer solutions. 25 cc. buffer solution with 0-1 mg. 
copper. A, M/15 phosphate buffer. B, borate buffer. C, 1/30 phosphate buffer. D, 1/15 
phosphate buffer + pyrophosphate. 


The copper is most soluble at this H ion concentration and decreases in 
solubility as the solution becomes more alkaline. The presence of pyrophos- 
phate gives some increase in activity over M/20 buffer at py 7-6, but a 
maximum is obtained at p, 8-0 with a decrease as the py is further increased. 
Since copper pyrophosphate is soluble in more alkaline solutions than copper 
phosphate, it is possible for the maximum activity to occur at a higher 
Py- Borate buffer solutions were used for p,, values above 8-0. The oxygen 
uptake with pyrophosphate in phosphate buffer and in borate buffer at py, 8-0 
was measured under the same conditions. Identical results were obtained 
showing that the type of buffer in which the pyrophosphate acts has no 
influence on the rate of reaction. 
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In order to demonstrate that the suggested changes in solubility occur, 
the solubility of a definite amount of copper at the various H ion concen- 
trations was determined. 0-1 mg. of Cu was added to 25 cc. of the buffer 
solution adjusted to the proper py, allowed to stand 2 hours, filtered, and 
the amount of copper remaining in the filtrate determined. 3 cc. of M/10 
Na,P,0, were added to the solution containing the pyrophosphate. The 
percentage of soluble copper is plotted against py in Fig. 6. 

Although it is difficult to compare the solubility curves with those obtained 
by oxygen consumption, because the former were measured when 0-1 mg. Cu 
was used with 25 cc. of buffer, and the latter when 0-0004 mg. was used with 
3cc. of buffer, it is readily seen that the curves are similar for the phosphate 
buffer on the alkaline side of py 7-6 and for the pyrophosphate buffer on the 
alkaline side of p,, 8-0. The retarding action of increased alkalinity in either 
of the buffers is due to the formation of insoluble copper salts. The slope 
of the oxygen uptake curves on the acid side of p, 7-6 and 8-0 cannot be 
explained by the solubility of the copper in relation to the buffer, because the 
solubility increases with the increased acidity in all cases. 
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ig. 7. Comparison of copper activity with Fig. 8. Effect of copper concentration on the 
and without buffer. 8 mg. cysteine and rate of oxidation. 8 mg. cysteine in M/15 
2x 10-4 mg. copper. A, cysteine in buffer phosphate buffer py, 8-0 with /100 
Pu 6-8. B, cysteine alone py 6-8. C, cys- pyrophosphate. A, 0-5x10~* mg. Cu. 
teine in buffer py 7-6. D, cysteine alone B, 1 x 10-4 mg. Cu. C, 2x 10-4 mg. Cu. 
Py 76. 


Because the solubility determinations were made on the buffer solutions 
alone without the addition of cysteine, the decreasing activity with increased 
acidity may be attributed to the action of cysteine. The cysteine is un- 
doubtedly the active factor because the slopes of the curves are identical 
irrespective of the buffer used. The same oxygen consumption is obtained 
whether the oxidation is carried out in buffer solution, or in water solution 
where the cysteine itself is used as the buffer. The results of these experiments 
are given in Fig. 7. If a line be drawn in Fig. 6 between p, 6-8 and 8-0 which 
has the same slope as the curve for oxygen uptake in Fig. 5, it will intersect 
the solubility curves at py 7-2 for M/15 phosphate, at py 7-6 for M/30 phos- 
phate, and at py 8-0 for pyrophosphate. The optimum oxygen uptake for the 
different solutions is actually observed at these p,,. 

The retarding effect of cysteine in more acid solutions cannot be explained 
by the insolubility of a copper-cysteine complex, for, although copper forms 
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a precipitate with cysteine at py, 6-0 and below, no precipitate is formed 
between p, 6-0 and 8-0 even though 1 to 2 mg. Cu are added to 10 mg. 
cysteine. However, an inactive copper-cysteine complex may be more readily 
formed in acid solutions than in neutral or alkaline solutions. Further 
reference to this complex will be made when the results obtained at 37° are 
presented. 

Since the rate of oxidation of cysteine is greatest with pyrophosphate in 
buffer solution at p,, 8-0, the buffer and the cysteine are exerting the least 
retarding effect, and, therefore, this H ion concentration should give the 
proper conditions for the quantitative determination of copper. The curves 
in Fig. 8 show that the rate of oxidation of 8 mg. cysteine in 5cc. M/15 
phosphate or borate buffer at p, 8-0 and containing M/100 pyrophosphate is 
directly proportional to the copper present for amounts below 4x 10-4 mg. Cu. 
This procedure is quite similar to that used by Warburg [1927] for the deter- 
mination of copper except that a low concentration of pyrophosphate in a 
rather dilute buffer is used in place of a strong pyrophosphate buffer alone. 
This method allows the use of more dilute buffer solutions because the ortho- 
phosphate forms a more efficient buffer than pyrophosphate. 


Interfering action of vron. 

The above results were obtained when copper was the only heavy metal 
present, but the interfering effect of other metals must also be considered. 
Addition of iron in amounts equivalent to the copper, or to 2 to 3 times the 
amount of copper, does not affect the oxygen uptake materially as is shown 
in Table II. The iron was added as ferric chloride which was prepared free 
from traces of copper. The failure of small amounts of iron to interfere is, of 
course, in agreement with Warburg’s findings. However, if larger amounts 
of iron (0-02 mg., approximately equivalent to the amount present in 0-5 cc. 
whole blood) are used, a very large inhibition is observed. The amount of 
inhibition decreases as the amount of pyrophosphate used is increased but 
the normal rate is not reached even if M/5 pyrophosphate, suggested by 


Table II. Effect of tron on the catalytic action of copper in the presence 
of pyrophosphate. 


mm.? oxygen per 





Conditions of cysteine oxidation 4 hour 

Phosphate Pyro- Copper Tron Temp. Copper Recovery 
buffer phosphate mg.x1l0-* mg.xl0“ °C, Copper +iron x 
M/15 py 8-0 M/100 4 4 20 142-0 136-0 96-0 
ne - ” 2 400 ss 86-7 23-0 26-0 
¥ M/30 ] os i 50-7 30-1 59-0 
py 7-6 M/100 1 ss i 35-4 16-0 45-0 
= M/5 py 8-0 ] 200 Es 58-3 48-0 83-0 
M/15 py 78 M/10 l i . 46-7 34:8 75-0 
Dy 7°6 M/10 1 37 63-3 54:3 86-0 
= s M/8 1 ss S 72:9 70:8 97-0 
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Warburg, is added. Warburg’s figures show the same effect; when he added 
0-02 mg. Fe together with 2 x 10-4 mg. Cu to M/5 pyrophosphate at py 7-6 
only an 80 % recovery was obtained. 

Figures given in Table II show that a complete recovery of copper is never 
obtained, although the procedure is modified as to p,, concentration of pyro- 
phosphate, etc., when the reaction is carried out at 20°. When the oxidation 
takes place at 37° with rather high concentrations of pyrophosphate, the rate 
in the presence of relatively large amounts of iron is practically identical with 
that obtained with copper alone. The retarding effect of iron in the presence 
of pyrophosphate is most probably due to the formation of insoluble ferric 
pyrophosphate which inactivates some of the copper. There are two reasons 
for this view. Firstly, it is known that iron pyrophosphate is soluble in 
alkaline solutions only in the presence of excess pyrophosphate, and the 
addition of more pyrophosphate increases the recovery of copper; secondly, 
ferric pyrophosphate is more soluble at 37° than at 20° and the recovery of 
copper is better at 37°. The latter fact can be demonstrated by taking two 
solutions of pyrophosphate at py 7-6 and adding a few drops of dilute iron 
solution to one at 37° and the other at 20°, the precipitate formed, upon the 
addition of iron, disappears most rapidly in the first solution. 

The complete recovery of copper in the presence of iron at 37° is further 
demonstrated when the copper content of a solution from the ash of liver 
is determined by this method and by the method of Elvehjem and Lindow 
[1929]. 140 mg. Cu was found by the first method and 125 mg. Cu by the 
latter. These results agree exceedingly well when one considers that the copper 
content of the sample analysed was of the order of 1 « 10-4 mg. in one case 
and 0-1 mg. in the other. They further show that there are no other elements 
in the ash of liver which accelerate the oxidation of the cysteine in the presence 
of pyrophosphate. 


Effect of temperature. 


It is interesting to note that the optimum py, at the higher temperature 
(37°) is no longer at 8-0 but nearer 7-0. This is not merely a temperature 
effect, because in a number of carefully controlled experiments the oxygen 
consumed per 30 minutes in the presence of 1 x 10-4 mg. Cu at py 7-6 
was found to be 32-36 mm.? at 20° and 50-54 at 37°, but 80-85 for py 7-0 
at the latter temperature. The relation of py to the oxygen uptake at 37° in 
the presence of pyrophosphate is shown in Fig. 9. An optimum is observed 
at py 7-0 with a rapid falling off as py, 6-6 is reached. The pyrophosphate 
curve for 20° is replotted in this figure to show the relationship of the two. 

The fact that the inhibiting action of cysteine is decreased in acid solution 
at 37° allows one to make several other observations on the activity of copper. 
Firstly, curve C in Fig. 9 shows that even in the less alkaline solution pyro- 
phosphate is still needed for the optimum activity of the copper. The uptake, 
however, is higher with phosphate alone at 37° than at 20° and the py curve 
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is similar to the solubility curve, which further proves that the retarding 
effect of the more acid solution is due to the inactive copper-cysteine complex 
formed. 

Greater activity of the copper is not obtained by carrying out the reaction 
in water, with cysteine instead of phosphate as a buffer. Undoubtedly in the 
absence of phosphate the copper is precipitated as hydroxide instead of copper 
phosphate, because it can be shown that a precipitate is formed when a dilute 
solution of copper sulphate is brought to py 7-0. Fig. 10 gives the results 
obtained when the oxygen consumption was measured in a watery solution, 
phosphate solution, or a phosphate plus pyrophosphate solution. The activity 
without the pyrophosphate is similar whether in watery or phosphate solution, 
but considerably lower than when pyrophosphate is added. Results of the 
same order were obtained when heart muscle preparation was used as the 


source of copper. 


300 


mm.° oxygen 


6°8 72 76 8-0 
Pu 
Fig. 9. The effect of py on the activity of copper at 37°. Oxygen uptake at the end of 
30 minutes with 8 mg. cysteine and 4 x 10—* mg. copper. A, with pyrophosphate. B, same 
conditions at 20°. C, without pyrophosphate. 


mm.’ oxygen 


10 20 30 40 10 20 30 40 
Minutes Minutes 


Fig. 10. The influence of buffer on the activity Fig. 11. The effects of H,S on the activity of 
of copper at 37°. 8mg. cysteine and copper. 8 mg. cysteine and 1 x 10~* mg. 
1 x 10-4 mg. copper at py 7-0. A, without copper in M/15 phosphate pg 7-0 with 
buffer. B, phosphate buffer. C, buffer + pyrophosphate. A, copper + //1000 H,S. 
pyrophosphate. B, copper alone. 


Secondly, by working at the higher temperature a high rate of oxygen 
uptake is obtained over a relatively wide py range, which allows a study of 
the effect of py on inhibition by H,S. A typical result obtained by the addi- 
tion of H,S at py 7-0 is given in Fig. 11. The percentage inhibition at this 
Pa is 60, but the amount decreases at highei py, values and 40 to 50 % is 
obtained at py 7-6. At py 8-0 very little inhibition is observed and in some 
cases an actual increase results by the addition of H,S, possibly due to the 
oxidation of the sulphide. 
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Krebs [1929] found that copper as well as other heavy metals catalyses 
the oxidation of sulphides. It is difficult, however, to compare his results 
with these experiments because he worked with very high concentrations of 
sulphide (0-5 M) and used the sulphide without buffer. The solution was 
undoubtedly quite alkaline, because when similar reactions were carried out 
in N HCl the rate of oxidation was very slow. 

Further observations on the activity of copper, which need merely be 
recorded without including the complete experimental results because they 
only confirm previous work, are the following. The activity is entirely un- 
affected by the presence of carbon monoxide but is inhibited to at least 95 % 
of the total by M/1000 KCN. M/100 sodium pyrophosphate is the optimum 
concentration for the activity of copper in absence of iron, but M/5 may be 
used without any interference. However, when the concentration is decreased 
to M/1000 a definite falling off in the activity is observed and considerably 
less than 50 % of the total activity is obtained with M/3000 pyrophosphate. 


Discussion. 


Although the work presented in this paper deals entirely with the quanti- 
tative study of the catalytic action of copper in the oxidation of cysteine, the 
results have undoubtedly a broader significance. It would be entirely erroneous 
to say that the facts observed in this particular system can be applied directly 
to the action of copper on other compounds, but the tremendous activity of 
this element in the oxidation of cysteine under optimum conditions may 
explain how the presence or absence of minute traces of it can bring about 
profound changes in plant and animal phenomena. 

The optimum conditions observed in the case of cysteine may be totally 
different from those for the optimum oxidation of other compounds, even 
such as thioglycollic acid and glutathione which closely resemble cysteine. 
Independent studies need to be made for each of the materials activated by 
copper. 

All the factors shown to be necessary for the optimum activity of copper 
are ordinarily present in most plants and animals. Copper is universally 
distributed in small amounts in all plants and animals thus far analysed 
[Lindow, Elvehjem, and Peterson, 1929]. The optimum py at 37° is between 
7-0 and 7-6 which is the hydrogen ion concentration associated with a large 
portion of living matter. Copper is more active in the presence of pyrophos- 
phate and Lohmann [1928] has found pyrophosphate in the muscle of certain 
animals and in yeast, while Eggleton and Eggleton [1929] have reported its 
presence in blood. 

SuMMARY. 


1. The oxygen uptake of a system of cysteine and heart muscle prepara- 
tion in orthophosphate buffer py 7-6 is increased two or threefold by the 
addition of pyrophosphate. 
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2. The same acceleration is obtained when the muscle preparation is re- 
placed by a minute amount of copper salts. The increased rate of oxidation 
in the presence of pyrophosphate is due to the formation of copper pyro- 
phosphate, which is more soluble at py, 7-6 than copper phosphate and there- 
fore more catalytically active. 

3. Curves are presented to show the rate of cysteine oxidation by copper 
in phosphate buffers of different concentrations, and in a phosphate buffer plus 
pyrophosphate at varying hydrogen ion concentrations. 

4. A study of the solubility of copper in different buffer solutions shows 
the decreased activity with increased py, to be due to the formation of in- 
soluble copper phosphates. The decrease of activity, as the py becomes more 
acid, can only be explained by the formation of a soluble inactive copper- 
cysteine complex. 

5. The optimum activity of copper in phosphate buffers containing pyro- 
phosphate occurs at p, 8-0 at 20°. At this hydrogen ion concentration the rate 
of oxidation is directly proportional to the copper present, providing the 
copper is not in excess of 4 x 10-4 mg. Cu, and thus provides a method for 
the quantitative estimation of minute amounts of copper. 

6. Relatively large amounts of iron inhibit the activity of copper in the 
presence of pyrophosphate. This retarding effect can be eliminated by using 
larger concentrations of pyrophosphate and by carrying out the reaction at 
37°. At 37° the optimum activity is observed at py 7-0, and this is un- 
doubtedly due to the fact that the copper-cysteine complex is less readily 
formed at the higher temperature. 

7. The inhibiting action of cysteine at py, 7-0 disappears at 37°, but the 
copper is sufficiently insoluble in buffer or watery solutions even at this py 
to prevent its complete activity in the absence of pyrophosphate. 

8. M/1000 H,S inhibits the activity of copper in phosphate buffers con- 
taining pyrophosphate to the extent of 60 to 70 % at py 7-0, but the degree 
of inhibition is much less at higher p,, values. 


I wish to thank Sir F. G. Hopkins and Dr D. Keilin for their interest 


and advice. 
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FuMARASE is the name given by Batelli and Stern [1911] to the enzyme in 
animal tissues capable of converting fumaric acid into malic acid. It was 
shown by Einbeck [1919] that the reaction reached equilibrium when three- 
quarters of the fumaric acid had been changed, and by Dakin [1922] that the 
malic acid so formed was entirely in the laevo-form. Clutterbuck [1927, 1928] 
followed polarimetrically the production of /-malic acid from fumaric acid 
under the influence of the muscle and liver enzyme, and found that the 
reaction followed a linear course until the equilibrium state was almost 
reached. He also showed that the velocity of the action was influenced by 
salts, phosphates at py 7-2 producing a marked activation, and chlorides, 
bromides, fluorides and nitrates an inhibition. 

Quastel and Whetham [1924] reported that fumarase was present in very 
small amount in B. coli communis. It was shown by Woolf [1929] that the 
fumarase activity, in the experiments of these workers, was masked by a side 
reaction, which could be inhibited by 2 or 4 % propyl alcohol; in presence of 
this inhibitor B. coli communis displayed great fumarase activity. Woolf 
reported that with the bacterial enzyme reaction curves were obtained similar 
to those given by Clutterbuck for the animal preparations, the velocity of 
conversion of fumaric acid remaining constant for the greater part of the 
reaction. He also showed that phosphates had an accelerating effect on the 
enzyme at py 7-4. 

Although there are many known cases of enzyme activity being accelerated 
or retarded by salts, there are hardly any enzymes for which such effects 
have been studied in detail. Such an investigation has been carried out by 
Myrbick [1926] on salivary amylase. As is well known, sodium chloride has 
a marked accelerating action on this enzyme. Myrbiack studied the effect of 
this salt, as well as the action of bromides, iodides, nitrates and chlorates, 
all of which activate the enzyme. He showed that at any given py increasing 
concentrations of the salt gave first of all an increasing activation, until a 
maximum effect was obtained which did not change with increase of salt. 
The curve relating salt concentration to increase in enzyme velocity seemed 
to be a rectangular hyperbola, or “Michaelis curve,” suggesting that the salt, 
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or one of its ions, combined with the enzyme, the amylase-salt complex being 
more active than the free amylase. The presence of the salt did not markedly 
change the affinity of the enzyme for its substrate, so that the salt combined 
with the enzyme at some group other than that concerned in binding the 
substrate. On studying the effect of p, on the activity of the free enzyme 
and of the various enzyme-salt compounds, he found that the latter were 
active over a wider p,, range than the salt-free preparation. The p,-activity 
curves were related together like the dissociation-residue curves of an ampho- 
lyte, in which the pg of the H’ and the OH’ ions was shifted to various 
extents by the added salts. He concluded that the enzyme was an ampholyte, 
which was catalytically active only in its undissociated or isoelectric form. 
Combination with a salt altered the degree of dissociation of the enzyme, 
and hence the proportion of the enzyme in the active form at any given py. 

It seemed desirable to study the effects of salts on fumarase, and the 
present paper gives the results of the first part of this investigation. The salts 
used were the phosphate, citrate and sulphate of sodium. The sodium was 
always present in large concentration, being used to neutralise the substrate 
as well as the added acid, and its influence (if any) on the reaction velocity 
may be taken as constant in all the experiments described. The effects observed 
can therefore be attributed to the added anions. The phenomena fit in exactly 
with the idea that the enzyme is an ampholyte acting only in the isoelectric 
form, and that it combines with anions, the fumarase-anion complex being 
an ampholyte with different pg values, as suggested by Myrbiick for salivary 


amylase. 
EXPERIMENTAL. 


The enzyme preparation used throughout this work was a suspension of 
B. coli communis. The organism was grown on the surface of tryptic broth 
agar in Petri dishes for 2 days. The growth was taken up in distilled water 
and thoroughly washed by centrifuging several times. It was then again 
suspended in water, aerated for a few hours and shaken mechanically to 
ensure an even suspension. This stock preparation of the “resting” organism 
was stored in the refrigerator. It was generally used within a fortnight of 
preparation, though it retained its activity unimpaired for several weeks at 
least. Immediately before use the organism was again washed several times 
with distilled water to remove any trace of salts produced by autolysis, then 
made up to a suitable strength with distilled water and shaken in the machine. 
In this way an enzyme preparation could be obtained free from all salts or other 
soluble materials. The actual experiments rarely lasted more than 18 hours, 
and during this period there was no significant enzyme destruction or bacterial 
disintegration, since the reaction velocity remained constant even for a much 
longer period, and the enzyme remained associated with the cells, the super- 
natant fluid after centrifuging being entirely inactive. The effects observed, 
therefore, may be regarded as given by the enzyme in vivo. 
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The long initial linear portion of the curve, when the equilibrium is 
approached from the fumaric acid side, made it possible to take the initial 
velocity as proportional to the malic acid produced in a given time, even 
when the reaction had progressed a considerable distance. It was thus possible 
to obtain large polarimetric readings, and thereby to obtain a very accurate 
measurement of the reaction velocity. We have always obtained this initial 
linearity in the experiments reported below. The enzyme was therefore 
always working at full saturation with its substrate, so that the effects 
could not be due to a change in the affinity of the fumarase for fumaric 
acid. 

For each experiment a series of reaction mixtures was made up, in which 
one factor was continuously varied. These series were of two kinds—those 
in which the effect of an increasing concentration of a salt was studied at a 
constant p,;,;, and those in which the salt concentration was kept constant, 
but the py was varied. In all cases the initial concentration of fumaric acid 
was M/10, the inhibitor being 4% propyl alcohol. The reaction mixtures 
were placed in stoppered flasks and incubated at 37°. At suitable intervals 
10 ce. samples were taken for the polarimetric estimation of malic acid as 
the molybdate compound by the method of Auerbach and Kruger [1923]. 
The procedure described by Woolf [1929] was followed, save that, as 10 cc. 
samples were taken, the addition of 5 cc. of water was not required. Also, 
since /-malic acid was the only optically active compound present, there was 
no need to take the control reading in trichloroacetic acid. 

For a series at a constant p,, the various constituents were made up to 
suitable concentrations separately, and brought to the required py with NaOH. 
The py of the bacterial suspension was also adjusted. The required quantities 
were then mixed and made up to volume with distilled water, and the 
Py of the mixture was checked. For a series with varying py, two solu- 
tions were made up, one more acid and the other more alkaline than the 
extremes of the py range being investigated. Thus, when it was desired to 
study the p,-activity curve of the enzyme in presence of M/5 phosphate 
between py 4:5 and 9-5, two solutions were made up, each M/4 in phosphate 
and M/8 in fumarate, but one acid to py 4-5 and the other alkaline to py 9-5. 
The solutions were mixed in various proportions to give the required inter- 
mediate py, values. 20 cc. of each mixture was taken, and to it were added 
l ce. of propyl alcohol, 2 cc. of bacterial suspension, and 2 cc. of distilled 
water, making the final volume 25 cc. and the concentrations of phosphate 
and fumarate M/5 and M/10 respectively. The p,, of the final reaction mixture 
was then accurately measured initially and at the time of taking each sample. 
When the py was below 8, it was measured electrometrically by the quin- 
hydrone method. Unfortunately the hydrogen electrode is useless in solutions 
of fumaric acid, so that the more alkaline pj, values had to be estimated by 
means of indicators. Since many of the reaction mixtures were necessarily 
unbuffered, the py, often changed appreciably during the course of the 
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incubation, and the average of the final and initial readings was assumed to 
be the p,, during the experiment. But when the difference between the initial 
and final p,, exceeded 0-1, the experiment was rejected, except in the alkaline 


citrate mixtures, as noted below. 


RESULTS. 


The effect of py on the activity of the enzyme in the absence of added 
salts is shown by the full line in Fig. 1. The various py values were obtained 
by neutralising the M/10 fumaric acid to different extents with NaOH. It 
is of course impossible to determine the activity of the enzyme in a com- 
pletely salt-free medium, since the substrate is itself a salt. It will be seen 
that a symmetrical curve is obtained, covering the range between py, 5 and 7-7, 
with an optimum at about 6-4. 
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Between py 6 and 8-8, the addition of phosphates increases the reaction 
velocity. At any given py in this range, as the phosphate concentration is 
increased the activation is also increased, until a maximum effect is obtained 
which is the same for all higher phosphate concentrations. The results of a 
series at py 7-4 are shown in Fig. 2. It will be seen that the curve is approxi- 
mately a rectangular hyperbola, suggesting that the salt combines with the 
enzyme, to give a more active enzyme-phosphate complex. The apparent 
Michaelis constant of the phosphate (i.e. the concentration at which half the 
maximum effect is obtained) at this py is about 0-0076 M, and the affinity 
(the reciprocal of the Michaelis constant) about 132. In order to relate the 
various curves to one another, the maximum velocity in presence of phosphate 
at py 7-4 for each enzyme preparation was taken as 100. In each series of 
reaction mixtures, a control was included containing the same amount of 
bacterial suspension in presence of M/10 fumaric acid and M/5 phosphate at 
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Pu 7:4, and the velocities in all the other reaction mixtures were expressed 
as percentages of the velocity in this control. In this way the results of all 
the series were made quantitatively comparable. 

That an ion of the phosphate combines with the enzyme is made to appear 
more likely by the results at other py, values. At 6-6 the phosphate-free enzyme 
itself has a considerable activity, the velocity being slightly under 50. The 
maximum activity induced by phosphate is about 100. The effect of varying 
phospliate concentration at this py is shown in Fig. 3. The curve is of the 
same type as that obtained at py 7-4, but the Michaelis constant is now 
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Fig. 2. Effect of phosphate at py 7-4. Fig. 3. Effect of phosphate at py 6-6. 
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0-026 M and the affinity only about 38. Similar curves were obtained at 
Py 7-0 and 8-0. The maximum velocity at py 7 is about 125 and at 8 about 45. 
The four curves are shown in Fig. 4 reduced to the same scale, the relative 
increase in velocity being plotted against phosphate concentration. The figure 
brings out clearly the regular rise of the affinity with py. In Fig. 5 is shown 
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the affinity plotted against p,. The curve shown is the dissociation curve for 
the reaction H,PO,’ —= HPO,” + H’, on to which the affinity at py 7-0 has 
been fitted. It will be seen that the other three points fall very well on the 
curve. The affinity at any py thus seems to be proportional to the concen- 
tration of HPO,” ions in the solution, making it seem extremely probable 
that the activating effect is due to an actual combination of the enzyme with 
this ion. 
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When the phosphate concentration is sufficient to give the maximum 
activation at any p,,;, the enzyme may be regarded as saturated or completely 
combined with the phosphate ion. A phosphate concentration of M/5 is 
sufficient to effect this over the whole of the significant py range. A py- 
activity curve was therefore obtained in presence of M/5 phosphate, and is 
shown in Fig. 1. It will be seen that it is a symmetrical curve, which coincides 
with the “‘salt-free” curve between p, 5 and 6, but then rises above it to an 
optimum at about p,, 6-9, after which it falls, roughly parallel to the alkaline 
limb of the “salt-free” curve to reach the horizontal axis at about py 8-8. 

Citrate behaves similarly to phosphate, but gives a greater activation. 
Fig. 6 shows the effect of varying concentrations of citrate on the reaction 
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velocity at py 7-4. It will be seen that the maximum velocity at this py is 
about 135, as against 100 for phosphate. The effect of py, on the citrate 
affinity is the opposite of that on the phosphate, the affinity rising as the py 
is decreased. The results so far obtained suggest that it is the doubly ionised 
citrate which is effective, but this is not yet fully worked out. M/5 citrate 
gives maximum activation at all py values, and a p,-activity curve in 
presence of this concentration is shown in Fig. 1. The curve is similar to that 
obtained with phosphate, but lies a little outside it over the alkaline range, 
the fumarase-citrate optimum being at about py, 7-1. Since neither fumarates 
nor citrates are buffers over the alkaline range of this curve, the py of the 
reaction mixtures often changed greatly. Consequently a wider latitude than 
0-1 py had to be allowed for this part of the curve, and the individual points 
are therefore rather scattered, although the curve as given is probably not 
far from correct. 

Sulphates have a retarding effect over the alkaline part of the “salt-free” 
curve. M/5 sulphate gives the maximum effect, and the fumarase-sulphate 
py-activity curve is also shown in Fig. 1, the optimum being at about py, 6-2. 

The four p, curves shown in Fig. 1 are related to one another like the 
dissociation residue curves of an ampholyte, whose acid pg remains constant 
but whose alkaline px is shifted to different extents by the combination of 
the various anions. The results are completely explained by the hypothesis 
that the enzyme is an ampholyte which is active only in its isoelectric form. 
The enzyme can combine with various bivalent anions, the enzyme-anion 
complex having an altered dissociation constant for the H’ ion. Phosphates 
and citrates repress the ionisation, thus increasing the proportion of the 
enzyme molecules in the active form at any py in a given range, without 
affecting the rate at which an active enzyme molecule catalyses the hydration 
of the substrate. Sulphates encourage the ionisation, thus decreasing the 
number of active enzyme units, and so retarding the reaction velocity. Thus 
the effects of salts on fumarase are precisely similar to those found by Myrback 
for salivary amylase. 

Preliminary experiments have been made with several other salts, and 
also on the combined effects of two or more salts. The power of affecting the 
velocity of fumarase action seems to be possessed by very many salts, and it 
is proposed to report the results of further studies in another communication. 


SUMMARY. 


1. “Resting” B. coli communis, washed free of all salts and suspended 
in distilled water, in presence of 2 or 4 % propyl alcohol will convert fumaric 
acid into its equilibrium mixture with /-malic acid at a linear rate for the 
greater part of the reaction. In the absence of added salts, the range of 
activity is between p, 5 and 7-7, the p,y-activity curve being symmetrical, 
with an optimum at about 6-4. 
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increase in velocity is plotted against phosphate concentration, a rectangular 
hyperbola (‘Michaelis curve’) is obtained, suggesting that the phosphate 
combines with the enzyme non-competitively with the substrate. The 
“affinity”? of the enzyme for phosphate at any given py is proportional to 
the HPO,” ion concentration. In presence of 0-2 M phosphate, which gives 
the maximum effect at every py, a symmetrical py-activity curve is ob- 
tained, with an optimum at 6-9. 

3. Citrates behave similarly, giving a greater activation at every py, and 


2. Phosphates accelerate between py, 6 and 8-8. If at any given py the 


an optimum at 7-1. 

4. Sulphates depress the activity, giving an optimum at py 6-2. 

5. The four py curves are related to one another like the dissociation 
residue curves of an ampholyte, in which the pg of the OH’ ion is constant, 
but the pg of the H’ ion is shifted to different extents by the added anions. 
It seems, therefore, that the enzyme is only active when in the isoelectric 
state, the salt effect being due to an alteration in the proportion of the enzyme 
molecules in this active state at any given py. 


It is a pleasure to express our thanks to Sir F. G. Hopkins and Mr J. B. 8. 
Haldane for their interest and encouragement during the course of this work. 
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INTRODUCTION. 


THE preparation of cestrus-producing concentrates from any source may be 
said to consist essentially of two main processes: (a) the extraction of the 
hormone together with fatty substances from the raw material and the 
removal of the bulk of the saponifiable fat from the extract, and (b) the 
purification of the resulting concentrate. 

In previous communications [Marrian, 1929, 1, 2] such methods have 
been described. The part of the process which may be said to fall under (a) 
was carried out by purely empirical methods and it was emphasised that the 
yields could not be considered to approach the maximum possible. The 
subsequent processes were studied in a quantitative manner and it was shown 
that the extracts could be considerably purified in several ways with no 
detectable loss of potency. 

In this work the initial stages of the process have been modified in view 
of the now generally accepted belief that oestrin is acidic in character [Funk, 
1929; Marrian, 1929, 2; Butenandt, 1929, 1, 2; Laqueur, Dingemanse and 
Kober, 1930], and of the author’s finding that the hormone can be apparently 
displaced from its alkali salts by carbon dioxide [Marrian, 1929, 2]. The aim 
throughout has been to obtain greater yields of active material from the urine 
of pregnancy, and to concentrate the extracts with the minimum loss to a 
stage from which the final isolation of the hormone could be attempted. 

For this purpose a series of small batches of urine have been extracted 
and purified separately; accurate assays of the potency being made on the 
initial extract and the product in each case. These concentrates were com- 
bined and an attempt was made to effect a further purification. This was 
successful in that highly active crystalline material appearing to be a single 
substance was isolated. 
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Since this work was commenced Butenandt [1929, 1, 2] and Laqueur, 
Dingemanse and Kober [1930] have reported the isolation of active crystalline 
materials from urine which, judging from the combustion results, appear to 
be identical. The latter workers, however, are doubtful if this substance is 
actually the pure hormone itself. In both cases the actual methods of isolation 
are not given in detail, and no mention is made of the yields obtained. 
According to these authors Doisy also described the preparation of an active 
crystalline substance at the Physiological Congress in Boston last summer. 
So far, however, no details of Doisy’s work have reached the author. Wieland, 
Straub and Dorfmuller [1929] have also reported the isolation of an active 
crystalline substance which, however, does not appear to approach purity. 


EXPERIMENTAL. 


Method of assay. A standard technique for assaying the activity of the 
various fractions was employed throughout the work. The fraction to be 
tested was dried, weighed and made up to a volume of 500 cc. in a mixture 
of equal parts of alcohol and chloroform. 0-5 cc. of this solution was with- 
drawn and diluted to 10 cc. with alcohol. A small volume of such a testing 
sample, usually 0-1 cc. to 1-0 cc. depending upon the amount of active material 
expected to be present, was withdrawn and evaporated to dryness in a 10 cc. 
volumetric flask. The residue was dissolved in 0-5 cc. alcohol and made up to 
10 cc. with water. This solution was then injected into seven ovariectomised 
mice in doses graded from 4 x 0-05 cc. to 4 x 0-5 cc., each dose being given 
in four injections at 12-hour intervals. From such preliminary tests an 
approximate idea could be formed of the activity of the fraction. 

With this information a fresh aqueous dilution of an aliquot portion of 
the testing sample was made and injected into a group of twenty mice in 
four doses of 0-1 cc., the activity being determined in the manner described 
in previous papers [Marrian and Parkes, 1929; Marrian, 1929, 1, 2]. 

Provided that not more than 70 % and not less than 15 % of the mice 


showed an oestrous response, the results were satisfactorily accurate. When 


the response did not fall within these limits, as was sometimes the case with 
such rough preliminary tests, it was thought desirable to repeat the tests. 

The use of a small amount of alcohol to obtain an “aqueous solution” 
has not been found to affect the accuracy of the results and no ill effects 
on the test-animals have been observed in consequence. In any case, this 
method seems preferable to that adopted by Butenandt [1929, 2], in which 
the active material is injected in a solution of sesame oil. The repeated 
injection of oily solutions into mice almost invariably leads to severe 
subcutaneous granulations, which may result in the incomplete absorption 
of subsequent injections. 

Collection and extraction of urine. The urine was collected each day in 
vessels containing a small quantity of toluene, acidified with concentrated 
HCl in the proportion of 5 cc. to 1 litre, and extracted four times with ether. 
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The ethereal extracts were washed once with water, evaporated to dryness 
and stored in alcoholic solution at 0°. 

Saponification of the crude extract. When 50 litres of urine had been ex- 
tracted, the alcoholic solution of the crude ether-soluble material was evapo- 
rated to dryness and heated with 400 cc. of 5 % aqueous potassium hydroxide 
solution in a boiling water-bath for 30 minutes. Carbon dioxide was then 
passed into the mixture for 3 hours. After dilution with an equal volume of 
water, the mixture was extracted twelve times with successive portions of 
100 cc. ether. The combined ethereal extracts were washed four times with 
50 ee. lots of 0-2 N HCl, twice with the same amounts of water and then 
evaporated to dryness. 

Extraction with cold acetone. In a previous paper [Marrian, 1929, 1] it 
was shown that the unsaponifiable matter of the urine of pregnancy con- 
tained small amounts of a substance melting at about 233-234° which was 
believed to be a dihydroxy-alcohol. 

Although the removal of this substance is probably unnecessary at this 
stage of the purification process, more of the substance was required for 
further examination. It was shown that this alcohol could be removed from 
the unsaponifiable matter by extraction with ice-cold acetone or ether, in 
either of which it is fairly insoluble. Since oestrin, according to recent work, 
has a low solubility in ether, the use of acetone seemed preferable for the 
purpose. 

The dry unsaponifiable matter was dissolved in 30 cc. of boiling acetone 
and left at 0° for 12 hours. The flask was then immersed in an ice-salt freezing 
mixture for 1 hour to complete the separation of the alcohol, and the mixture 
filtered through an ordinary filter. The flask and filter were washed with a 
further 10 cc. of cold acetone. The residue in the filter was then washed back 
into the original flask with a boiling mixture of chloroform and alcohol. This 
was evaporated to dryness and treated with 15 cc. of acetone in precisely 
the same manner to remove remaining traces of the hormone. The combined 
acetone extracts, on evaporation to dryness, yielded a reddish brown gum. 

Extraction with 50°), alcohol. The acetone-soluble fraction was heated for 
5-10 minutes to boiling with 30 cc. of 50% alcohol, and then kept at 0°. 
The next day the mixture was filtered, the fiask and filter being washed with 
another 10 cc. of ice-cold 50 % alcohol. The insoluble material on the filter 
was washed back into the original flask with a hot alcohol-chloroform mixture. 
This solution, after evaporation to dryness, was treated with 20 cc. of 50% 
alcohol with another washing of 10 cc. in the same way. The latter process 
was repeated twice, making in all four extractions with 50 % alcohol. 

The combined 50 % alcohol filtrates were evaporated to dryness. 

Extraction from ethereal solution with aqueous alkali. It was shown in a 
previous paper [Marrian, 1929, 2] that, owing to the acidic properties of 
oestrin, a considerable degree of purification could be attained by extraction 
of an ethereal solution of the hormone with aqueous alkali. By acidification 
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and ether extraction the oestrin could be recovered quantitatively from the 
alkaline solution. 

The fraction soluble in 50% alcohol was dissolved in about 10 cc. of 
alcohol and then diluted with 700 cc. of ether. The low solubility of this 
material in ether did not permit direct solution. This solution was then 
extracted ten times with successive 50 cc. lots of 5% aqueous potassium 
hydroxide. The combined alkali extracts were acidified with 110 cc. of 12 N 
HCl and extracted eight times with 100 cc. portions of ether. The combined 
ethereal extracts were washed three times with water and evaporated to 
dryness. 

The final product varied considerably in colour and appearance from batch 
to batch, but in general it may be described as a brown gum containing 
varying amounts of what appeared to be crystalline material. 

The results of the whole method of concentration are shown in Table I. 
These results clearly indicate that by these methods very large yields of active 
material can be obtained and that the initial extracts can be enormously 
reduced in bulk with only about 40 % loss of activity. 

Each fraction of batch P.U.74 was assayed accurately to determine at 
which stage of the purification this loss occurred. The results given in Table II 
definitely show that practically the whole of the loss occurs during the saponifi- 
cation. The extraordinary uniformity of the extent of this loss, with the 
exception of batch P.U. 7c, suggests that incomplete extraction by the ether 
is not the cause. This point is now being investigated. 


Table I. 


Batch No.... P.U.74 P.U.78 P.U.7c P.U.7p P.U.7= Average 

Vol. urine (litres) 50 50 50 50 50 50 

Initial ( Wt. (g.) 22 21 21 18 20 20 
acid ethers No. m.u. 2,069,000 980,000 850,000 444,000 792,000 1,027,000 
extract | Yield, m.u. per litre 41,400 19,600 17,000 8,880 15,800 20,500 
{ Wt. (g.) 0-364 0-253 0-471 1-107 0-516 0-342 
Final No. m.u. 1,208,000 546,000 614,000 267,000 445,000 616,000 
product Yield, m.u. per litre 24,160 10,920 12,280 5,340 8,900 12,300 
Wt. 1 m.u. (mg.) 0-000301 0-000463 0-000767 0-000399 0-00116 0-000618 

Loss in purification (%) 42 44 28 38 Ad 40 


Table II. Batch P.U.7 4. 
Loss in m.u, 
Wt. (g.) No. m.u. {%) 
Initial ether extract ine a 22 2,069,000 -= 
“CO,” unsaponifiable matter - 2-845 1,278,000 38 
Acetone-soluble ... = ~ 2-456 1,236,000 40 
50 % alcohol-soluble oe as 0-742 1,236,000 40 
Alkali extract from ether solution 0-364 1,208,000 42 


Extraction by ether from alkaline solution. According to Funk [1929] the 
alkali metal salts of oestrin possess a definite solubility in ether and on this 
account the hormone is present in the unsaponifiable matter from active fatty 
material. If this is the case, it should be possible, by thorough extraction 
with ether from alkaline solution, to remove all the activity. 
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Since the use of carbon dioxide in the saponification of these batches 
results in the presence of a large amount of material that would not be present 
in the unsaponifiable matter if prepared by ordinary methods, it was thought 
that repeated extraction of an alkaline solution by ether, without the use of 
carbon dioxide, might prove to be an efficient methed of purification. 

The whole of batch B was used to try out this method. The material, 
weighing 0-253 g. and containing 546,000 mouse units, was treated with 
400 ce. of 5 % aqueous potassium hydroxide in which it readily dissolved. This 
solution was diluted with 300 cc. of water and then extracted twenty times 
with 100 cc. lots of ether. The combined ethereal extracts were washed first 
with 0-5 N HCl and then three times with water, and on evaporation yielded 
0-0588 g. of solid material. On assaying the activity of this fraction, it was 
found that only 82,400 mouse units had been extracted. This corresponds to 
an activity of 1 m.u. = 0-000704 mg. as against the activity of the original 
material of 1 m.u. = 0-000403 mg. This method therefore is entirely worthless 
for the further purification of these extracts, and it seems extremely doubtful 
if the alkali salt of the hormone is appreciably soluble in ether. It seems more 
probable that the presence of oestrin in unsaponifiable matter is due to 
adsorption on the ether-soluble material. 

The active material was recovered from the extracted alkaline solution by 
acidification and ether extraction, the two fractions being combined and 


re-tested. 


Preparation of water-soluble extract. With part of the material obtained by 
the recombination of the fractions from the last experiment, an attempt was 
made to prepare an aqueous solution of such potency as might be useful for 


clinical work. 

The material containing 235,000 mouse units was treated with 25 cc. of 
hot 0:1 N NaOH. The main bulk dissolved, yielding a deep red-brown solution 
containing a small amount of finely divided material in suspension. This 
solution was then neutralised carefully with 0-1 N HCl, using phenolphthalein 
as external indicator. By careful adjustment a point was reached where the 
solution was just acid to phenolphthalein, but no precipitation occurred. 
0-25 cc. of “tricresol” was added and after making up to a volume of 250 cc. 
with water, the solution was left standing in a tall cylinder to allow the few 
suspended particles to flocculate and settle. 

On assaying a portion of the clear supernatant liquid, which had a light 
brown colour, it was found to contain 670 mouse units per cc., so that the 
total activity corresponded to 168,000 mouse units. The remaining 67,000 
mouse units were presumably adsorbed on the small amount of insoluble 


material. 
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Isolation of active crystalline materval. 


Butenandt [1929, 2] observed that the active crystalline substance isolated 
by him had a low solubility in ether. This fact suggested the possibility of 
using ether or a mixture of ether and some other solvent for the separation of 
solid material from the urine concentrates. 

In preliminary experiments direct crystallisation from ether was found to 
be impracticable, owing to the low solubility of the concentrates even in large 
volumes of boiling ether. By solution in a very small volume of alcohol and 
addition of an excess of ether, however, a large amount of solid material could 
be precipitated. 

The combined concentrates from batches P.U. a, c, D and £, weighing 
1-457 g. and containing 2,534,000 mouse units, were treated in this way. The 
dried material was warmed for a short time with 0-75 ce. of alcohol, when it 
softened to a mobile oily consistency. To this were added 10 cc. of ether, 
when a heavy granular precipitate was thrown down. The flask was placed 
in an ice-salt freezing mixture for 45 minutes, and then filtered rapidly on a 
small Biichner funnel. The filtrate was evaporated to dryness and again 
treated with alcohol and ether in the same manner, when a further small 
amount of solid was separated. The combined solid precipitates were washed 
with a few cc. of aleohol-ether mixture to remove as much of the more soluble 
gummy material as possible. 

This solid material was light brown in colour and weighed 0-1442 g. On 
assaying, it was found to contain 1,233,000 mouse units, or about half of 
the total, corresponding to an activity of 1 m.u. = 0-000116 mg. This is 
slightly more potent than the concentrate described by the author in a 
previous paper [Marrian, 1929, 2]. 

The material was still too highly pigmented for purification by means of 
recrystallisation to be effected. An attempt was therefore made to clean it by 
treatment with charcoal. The solid matter was dissolved in 20 ce. of alcohol 
and boiled under a reflux condenser with a small amount of “norite”’ for 
30 minutes. The mixture was filtered hot, the flask and filter being washed 
with four successive 10 cc. portions of boiling alcohol. The alcoholic filtrate 
was evaporated to dryness and the process repeated a second time. 

The product was now nearly white in colour. The weight was 0-1439 g., 
showing that the pigment removed formed only a small fraction of the total 
bulk. It contained 1,050,000 mouse units, corresponding to an activity of 
1 m.u. = 0-000137 mg. It is doubtful if this apparent slight decrease in 
potency is significant. The difference of about 13 % is only slightly outside 
what is believed to be the probable error in the method of assay. Preliminary 
experiments showed that this material, which was amorphous, could be 
crystallised from aqueous methyl alcohol. It was therefore dissolved in 
10 ce. of boiling 57 % methyl alcohol and left overnight at 0°. 0-0767 g. of 
crystalline material were obtained in this way. The crystals were still slightly 
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brown in colour, but the bulk of the pigment appeared to be in the mother 
liquor. The recrystallisation was repeated with 5 cc. 57 % methyl alcohol. 
The twice recrystallised material weighed 0-0613 g. Two tests on this gave 
totals of 498,000 and 556,000 mouse units, corresponding to an average 
activity of 1 m.u. = 0-000116 mg. The potency is not considered to be signifi- 
cantly different from that of the original non-crystalline solid. 

The mother liquors from the two crystallisations were evaporated to 
dryness and treated with 12 cc. of boiling 42 °% methyl alcohol. On cooling 
to 0° a further crop of crystals was obtained, which were rather more pig- 
mented than those of the first batch. This material weighed 0-0275 g. and 
contained 256,000 m.u., corresponding to an activity of 1 m.u. = 0-000108 mg. 

The mother liquor from this recrystallisation contained less than 125,000 
mouse units. 


Properties of the crystalline substance. 


The first batch of crystals were very slightly pigmented. On microscopic 
examination two types of crystals were observed (Plate II a). It was shown, 
however, that these two types were merely different forms of the same sub- 
stance. On recrystallisation from 57 % methyl alcohol at 0°, the crystals 
were all of the type shown in Plate IIB. On recrystallisation at ordinary 
temperatures, the crystalline form was of the second type shown in Plate IT a. 

The substance appeared to have no definite melting point. From 222° 
onwards a slight darkening and shrinkage were observed. At 256—260° the 
substance melted completely and simultaneously decomposed. 

On treating a small quantity of the substance in chloroform solution with 
H,SO, and acetic anhydride (Liebermann-Burchardt reaction) a pale orange- 
yellow colour with a marked green fluorescence resulted. This is very similar 
to the colour reaction observed by Wieland, Straub and Dorfmuller [1929] 
with their preparations. Butenandt [1929, 1], on the other hand, observed 
no characteristic colour reaction with these reagents. 

A preliminary micro-combustion and molecular weight determination 
showed that the substance contained three oxygen atoms to about eighteen 
carbon atoms. The percentage of carbon was somewhat lower than that in the 
substances isolated by Butenandt [1929, 1, 2] and Laqueur, Dingemanse and 
Kober [1930]. In view of the fact that there is at present no satisfactory 
criterion of purity, these results are probably only of value in so far as they 
indicate the approximate molecular dimensions. The close agreement between 
the observed value for the molecular weight and the figure corresponding to 
the formula suggested by the analysis, is probably fortuitous. 

Nitrogen could not be detected in the substance. 
4-541 mg. gave 12-415 mg. CO, and 3-50 mg. H,0O. 
C 74-53 %, H8-56 %. 
Mol. wt. by Rast’s camphor method: 288, 289. 
Calculated for C,,H,,0,: C 75-00 %, H 8-33 %, molecular weight 288. 
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Table III. The purification of batches P.U.7 4, c, p and k. 


UrtneE 200 litres 


acidified 
ether- 
| extracted 


ETHER-SOLUBLE 
| 81 g. 4,155,000 m.u. 


heated with aqueous KOH 
CO, passed 
ether-extracted 


ETHER-SOLUBLE 
8-172 g. 


extracted 
cold acetone 
memes | 
ACETONE-SOLUBLE acetone-insoluble 
7-429 g. containing solid 


oe alcohol 


extracted 


cold 50 % alcohol 


oO 


50 °%, ALCOHOL-SOLU BLE 
2-715 g. 
| dissolved in ether 
extracted aqueous KOH 
acidified 
ether-extracted 


ALKALI-SOLUBLE 
1-457 g. 2,534,000 m.u. 
1 m.u. =0-000575 mg. 


precipitated from 
alcohol by ether 


ETHER-INSOLUBLE 
0-1442 g. 1,233,000 m.u. 
1 m.u. =0-000116 mg. 
treated with 
charcoal in 
alcoholic solution 


‘ 
0-1439 g. 1,050,000 m.u. 
1 m.u. =0-000137 mg. 


recrystallised twice 
from 57 % MeOH 
fue ee ee et et ea 
CRYSTALS MOTHER LIQUORS 
0-0613 g. ar 
527,000 m.u. Dried 
. | ‘ s 
1 m.u. =0-000116 mg. | again recrystallised 
from 57 % MeOH 


1 | 
CRYSTALS MoTHER LIQUOR 
0-0275 g. > 125,000 m.u. 
256,000 m.u. 
1 m.u. =0-000108 mg. 
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Discussion. 


By the methods described in the earlier part of the paper, very large 
yields of oestrin can be obtained in a concentrated form from the urine of 
pregnancy with a relatively small loss of total activity. Such concentrates 
make a suitable starting point for the preparation of -aqueous solutions 
suitable for clinical or physiological use. The advantage of the method of 
obtaining aqueous solutions of the hormone, as described in this paper, over 
methods previously in general use, is that far higher concentrations of the 
active substance can easily be obtained. The only limit appears to be the 
solubility of the alkali salts of the hormone and of the substances associated 
with the hormone. In the older methods, the very much lower solubility of 
the free acidic substances in water was the limiting factor. The importance of 
such highly concentrated aqueous solutions for physiological and clinical use 
is made clear by recent work carried out in collaboration with Dr A. 8. Parkes 
[Marrian and Parkes, 1930]. 

Two points in connection with the crystalline substance are at present not 
clear. In the first place, are the active crystalline compounds isolated by 
Butenandt [1929, 1, 2], Laqueur, Dingemanse and Kober [1930] and the 
author identical? In the second place, are any of these substances the pure 
hormone itself, or are they merely inactive substances on which is adsorbed 
a small amount of the active hormone? 

Butenandt [1929, 2] observed that his active substance melted with de- 
composition at 240°, Laqueur, Dingemanse and Kober [1930] do not record 
a melting point for their substance!, while the author’s preparation melted 
very indefinitely with decomposition at 256-261°. The decomposition which 
occurs makes it obvious that the melting points cannot be accepted as satis- 
factory criteria of purity. 

The close agreement between the combustion figures of the first two 
preparations suggests that these two substances may be identical (Bute- 
nandt, C 78-31%; H 8-13 %; Laqueur, Dingemanse and Kober, C 78-61%; 
H 8-25 %). A somewhat lower figure for the carbon content was, however, 
obtained for the author’s preparation. 

Butenandt reports an activity of 8 million mouse units per g., Laqueur, 
Dingemanse and Kober 8-10 million per g., while the author’s preparation 
has also an activity of 8 million mouse units per g. These figures, however, 
are not so uniform as they might at first appear, as the methods of testing 
are different in each case. Laqueur and de Jongh [1929] test their materials 
in six doses spread over a period of 48 hours. A similar technique has been 
adopted by Allan, Dickens and Dodds [1930]. The latter show that this 
method gives approximately a 25 % higher response than that of giving four 
doses over 36 hours. Experiments confirming this relationship between the 
two methods have been carried out by the author. 

1 Shortly after going to press, a more detailed paper appeared in Deutsch. med. Woch. from 
Laqueur’s laboratory, in which the melting point of crystalline “‘ Menformon” is given as 240°: 


decomposition is not mentioned. 
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Butenandt [1929, 2], on the other hand, administered his preparations as 
a single dose in sesame oil solution. In later work [Butenandt and Ziegner, 
1930], he shows that when four and six injections are administered over 
36 and 40 hours respectively, the apparent activity of the preparation 
is raised from 8 to 30 and 40 million mouse units per g. respectively. These 
results, while providing further data on the relationship between the four and 
six dose methods, are of little value for deciding the point at issue, namely, 
the relationship between the activity of a preparation given in a single dose 
in oil solution and that of a multiple dose in what is virtually an aqueous 
solution. Allan, Dickens and Dodds [1930] show the relationship between 
single and multiple doses in aqueous solution and also single doses in an oil- 
water emulsion. The latter is, however, hardly the same as a true oil solution. 
Rapid absorption of the hormone must occur directly from the aqueous phase. 

A few experiments have been carried out by the author bearing on this 
question. Graded doses of the active crystalline material dissolved in sesame 
oil were administered to a few mice by the method in which four injections 
are given. Too much reliance cannot be placed on the results, since groups of 
twenty were not used on account of the adverse effects of the oil injections. 
The results indicated, however, that the material had at least twice the 
apparent activity displayed when injected in aqueous solution. Thus, tested 
by this method, the crystalline material has an activity of about 16 million 
units per g. This, although lower than Butenandt’s figure of 30 millions, is 
more nearly of the same order. 

The remaining discrepancy might be accounted for by a difference in the 
total volume of oil injected. Marrian and Parkes [1929] showed that, with 
aqueous solutions, the volume of the dose had no appreciable effect upon the 
apparent activity. With oil solutions this cannot be the case. Within certain 
limits the activity of a preparation varies inversely with its rate of absorption 
when administered subcutaneously. Absorption from a large volume of oil 
must necessarily be slower than from a small volume, and an increased 
apparent activity may result with the larger volume. With still larger volumes 
of oil, the rate of absorption must be still further slowed and then presumably 
a decrease in apparent activity would be observed. With aqueous solutions 
the rate of absorption is so rapid that these considerations do not apply. 

It is considered, therefore, that the apparent difference between the 
activity of Butenandt’s material and the one described here is not so great 
as might at first appear. 

Whether these crystalline substances are actually the hormone itself is a 
point that can only be decided by future work. Laqueur, Dingemanse and 
Kober [1930] are doubtful on this point, since some of their preparations 
showed an activity of as much as 14 million mouse units per g. Until the 
activity has been shown to remain constant after repeated recrystallisations 
from different solvents, no conclusions should be drawn. 
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SUMMARY. 


1. By acidification and ether-extraction of urine from pregnant women, 
yields of oestrin varying from 8000 to 40,000 mouse units per litre can be 
obtained. 

2. Methods are described by which these extracts can be greatly purified 
with a loss of only 40 % of the activity throughout the process. This loss 
occurs entirely in the initial stage of saponification. The mouse unit of these 
purified preparations is of the order of 0-0006 mg. 

3. From such purified preparations an active crystalline substance has 
been isolated. The mouse unit of this substance is about 0-00011 mg. 

4. The possible identity of this substance with the active substances 
recently isolated by Butenandt and by Laqueur, Dingemanse and Kober is 
discussed. 

5. There is no proof at present that this substance is actually the pure 
hormone. 


The author wishes to express his gratitude to Prof. J. C. Drummond for 
his continued interest and advice, to Dr A. S. Parkes for the large number 
of ovariectomised mice, without which this work would have been impossible, 
and to Prof. F. J. Browne for providing facilities for the collection of urine 
from University College Hospital. 

The expenses of this work were defrayed by a grant from the Medical 
Research Council, to whom the author wishes to express his thanks. 
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LIII. STUDIES ON ANTIGLYOXALASE. 


I. THE ACTION OF PANCREATIC EXTRACT 
ON PHENYLGLYOXAL. 


By JUOZAS OSJA GIRSAVIGIUS, 


From the Biochemical Laboratory, Cambridge. 
(Received March 3rd, 1930.) 


WHILE investigating the distribution of glyoxalase in various animal tissues, 
Dakin and Dudley [1913] found that the pancreas is distinguished from all 
other animal organs in that it not only contains no glyoxalase itself, but 
also inhibits the glyoxalase action of other tissues with which it is incubated. 
They assumed the existence in pancreas of an inhibiting substance which 
they called antiglyoxalase. Some further work on antiglyoxalase has been 
published by the same authors [1914], by Foster [1925], by Kuhn and 
Heckscher [1926] and by Ariyama [1928]. Nothing definite is known, however, 
about the nature and the mode of action of antiglyoxalase, and the interest 
which attaches to the transformations of methylglyoxal as probable im- 
portant steps in the intermediary metabolism of carbohydrates seemed to 
warrant a further investigation of the problem. Both Dakin and Dudley, 
and Ariyama are agreed that the inhibiting action of antiglyoxalase develops 
gradually when the pancreatic extract is incubated together with a glyoxalase 
solution. The fullest inhibition is only obtained when the phenyl- or methyl- 
glyoxal is added after several hours’ incubation of glyoxalase with anti- 
glyoxalase. This seems to indicate that the inhibition is due to a reaction of 
the inhibiting factor with the enzyme, but it is not possible to decide on the 
present evidence whether glyoxalase is destroyed in the process or merely 
inactivated by combination with antiglyoxalase. Foster came to a different 
conclusion regarding the mode of action of antiglyoxalase. This author ob- 
served that whenever phenylglyoxal is incubated with pancreas, with or 
without addition of other tissue extracts, an orange colour develops in the 
solution. Owing to an apparent parallelism between the intensity of the 
colour developed and the intensity of the inhibition found, she suggested that 
the inhibiting action of pancreas might be due to the combination of some 
substance present in it with the glyoxal, forming a coloured compound re- 
sistant to the action of glyoxalase. The action of antiglyoxalase would thus 
be not on the enzyme but on the substrate. While the present work fully 
confirms Foster’s observation, it will be seen that the phenomenon described 
by her is entirely independent of the antiglyoxalase action of pancreas. 
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TECHNIQUE. 


Dakin and Dudley, and Foster followed the action of glyoxalase by 
estimating polarimetrically the mandelic acid formed. Kuhn and Heckscher 
estimated methylglyoxal in the solution by an iodimetric method and thus 
followed its disappearance, whilst Ariyama used for the same purpose a 
colorimetric method based on the reduction of Benedict’s uric acid reagent 
by glyoxals in presence of KCN. It was thought that a manometric method, 
based on the principle of Warburg’s method for following glycolysis, might 
prove more rapid and less laborious. Warburg’s technique had already been 
used by Meyerhof [1925] for following the transformation of methylglyoxal 
into lactic acid by tissue slices. As no Warburg manometers were available 
and the work had to be done with manometers of the Barcroft type, it was 
first necessary to adapt the technique so as to allow it to be used with the 
Barcroft manometer. Warburg’s method consists in measuring manometrically 
the CO, expelled from a solution containing NaHCO, by the lactic acid pro- 
duced. To adjust the py it is necessary to equilibrate the solution against a 
CO,.atmosphere, the CO, tension required depending on the NaHCO, concen- 
tration and on the py desired. The Barcroft manometer cannot be filled with 
a gas by passing it through the cups as in Warburg’s method. Instead it is 
necessary to evacuate it and fill it with the gas required, a process which has 
to be repeated at least twice, to assure a fairly complete replacement of the air. 
Filling the manometers in this way with air-CO, mixtures did not lead to 
constant results, and the following technique was adopted after some trials. 

The manometers are connected with the pump and with an aspirator 
bottle filied with CO, from a cylinder. They are also connected with a mercury 
manometer and with a gas burette, used for checking from time to time the 
purity of the CO,. The Barcroft manometers are twice evacuated and filled 
with CO,; thereupon they are again connected with the pump and the 
pressure in the whole system is lowered to the tension of CO, desired. The 
process is followed by means of the mercury manometer. A correction has of 
course to be applied for the difference in water-vapour tension in the Barcroft 
cups at 38° and in the connections with the mercury manometer at room 
temperature. Now the manometer cups are lowered into the thermostat in 
the usual way, and the shaking mechanism is started. After about 5 minutes 
the taps of the manometers are closed. Though pressures of about one-fifth 
of an atmosphere within the cups have been used most of the time, no trouble 
has been experienced with leakages. The NaHCO, and CO, concentrations 
required were calculated on the basis of the Henderson-Hasselbalch formula, 
modified by Hastings and Sendroy [1925] so as to take account of the activities. 
Four Barcroft manometers were used for each experiment, run as two dupli- 
cate pairs, a necessary precaution since duplicates, whilst usually agreeing 
within about 3-5 %, were occasionally found to diverge more widely. 
Both cups of the manometer contained the same amounts of water, NaHCO, 
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solution, enzyme, etc. A small glass cup with a platinum hook was hung on 
the edge of the KOH tube of the manometer cup. That in the right-hand cup 
contained the glyoxal solution (usually 0-3-0-6 cc.) whilst that in the left 
cup contained an equal volume of water. After the taps have been closed, 
as described above, the initial reading is taken and the small cups are upset 
by slightly lifting the manometer and tapping with the finger. 


RESULTS AND DISCUSSION. 


Fig. 1 shows the effect of adding pancreatic extract to a glyoxalase solution 
in a Barcroft manometer. Minced liver, extracted with about five times its 
volume of water, was used (as also in the following experiments) as glyoxalase 
solution. The pancreatic extract was prepared in a similar manner. The curve 
without pancreas was obtained with 0-6 cc. liver extract in the cups, for the 
curve with pancreas 0-6 cc. liver extract and 1-0 cc. pancreatic extract were 
used. It will be seen that, instead of inhibiting, the pancreas seems at first 
actually to accelerate the reaction, and only after about 2 hours does the 


a 
o 
°. 120 
= 
= 
= 


Hours 
Fig. 1. 


reaction velocity with pancreas begin to fall off compared to that with liver 
alone. Controls were thereupon made with pancreas alone, and it was found 
that this causes on addition of phenylglyoxal an evolution of CO,, that is, 
an acid production, of the same order approximately as an equal volume of 
liver extract. Hence the effect described seems to be due to the action of 
the pancreas superposed on that of the liver-glyoxalase, rather than to an 
accelerating action of the former on the latter. Ariyama, measuring the 
methylglyoxal disappearance, also found an apparent acceleration at first 
after adding pancreas, and several hours were required before inhibition began 
to develop. He suggests that some glyoxalase may be present in pancreas, 
without bringing any evidence to support this suggestion, beyond the fact 
that some methylglyoxal disappears on incubation with pancreatin alone. 
To test whether the acid production on addition of phenylglyoxal to pancreatic 
extract is due to a transformation of the former into mandelic acid, pan- 
creatic extract was incubated with phenylglyoxal in comparatively large scale 
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experiments and an attempt was made to isolate mandelic acid by the method 
described by Dakin and Dudley [1914]. Several such experiments were made, 
but all with completely negative results. Instead, it was found that, as 
described by Foster, an orange or brownish colour develops in the solution 
and on longer incubation with high initial phenylglyoxal concentrations a 
fairly copious yellow precipitate is deposited. The precipitate, after centri- 
fuging off, was found to consist of a substance readily soluble in alcohol or 
ether but only very sparingly in water. Attempts to recrystallise it from 
ether proved fruitless, as a yellow oil remained which on standing gradually 
solidified to a resinous substance. That the action of the pancreatic extract 
on phenylglyoxal is not due to an enzyme follows from the fact that prolonged 
boiling or even autoclaving does not affect its activity. Even 2 hours’ boiling 
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with about 20 % HCl or KOH does not cause more than a 20 % decrease in 
activity. In Fig. 2 the effect of variations in the concentration of phenyl- 
glyoxal on the velocity of its reaction with pancreas is shown. The molar 
concentration of phenylglyoxal in the solution is plotted against the CO, 
(in mm.) evolved in 5 minutes. The shape of the curve suggests that two 
molecules of phenylglyoxal may enter into the reaction. On the other hand, 
the reaction velocity is strictly proportional to the amount of pancreatic 
extract taken. The effect of changing the py between 7-0 and 7-9 was investi- 
gated and a rapid rise in reaction velocity with increasing alkalinity was found. 
Below py 7-0 the reaction is negligible. The substance in pancreas, responsible 
for the reaction’ with phenylglyoxal, is destroyed by treating with NaNO, 
and acetic acid, which suggests that we are dealing with an amino-compound. 
It is clear that any reaction involving the condensation of —NH, groups 
with a glyoxal must lead to an increase in the acidity of the solution and 
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hence to an evolution of CO,. The effect would somewhat resemble that made 
use of in Sorensen’s method of amino-acid titration. 

It is well known that phenylglyoxal reacts with ammonia and amines by 
condensation. Pinner [1902, 1905] identified the products of the action of 
ammonia on phenylglyoxal as consisting partly of 1-benzoy]l-4-phenyliminazole 
and partly of 1 : 4-diphenyl-3-hydroxypyrazine. The products of the action 
of amino-acids on glyoxals have not yet been investigated. Neuberg and 
Kobel [1927] describe the action of amino-acids and related compounds on 
methylglyoxal. On heating the solution they observed extensive decom- 
position, with production of CO, and acetaldehyde. In the cold they only 
observed a change in rotation and formation of “melanin.” 

Attempts were made to isolate from the pancreas the substance or sub- 
stances responsible for the reaction. It proved possible to precipitate with 
tannic acid much of the protein and peptone present in the extract, without 
markedly diminishing its power of reacting with phenylglyoxal. The tannic 
acid was removed by baryta. On treating the tannic acid filtrate with 
phosphotungstic acid the substances looked for were completely precipitated. 
This is evidence in favour of the supposition that we are dealing with amino- 
compounds. Repeated attempts to isolate these substances from the phospho- 
tungstic acid precipitate by the usual procedure proved fruitless. The occurrence 
of the substances in question in other sources than pancreas was then investi- 
ated. It was found that liver, muscle and kidney are completely inactivated by 
or 10 minutes’ boiling. On the other hand, boiled yeast extract and boiled 
extract of testis were found to possess an activity similar to that of pancreas. 
Pancreas, yeast and testis are known to be particularly rich in histones, con- 
taining a high proportion of diamino-acids. On allowing phenylglyoxal to act 
on various amino-acids in Barcroft manometers, as described above, it was 
found that whilst monoamino-acids are inactive, the diamino-acids, histidine, 
arginine, and lysine give a reaction very similar to that obtained with pan- 
creas. Both acid production and the development of an orange or yellow 
colour were observed. 

Reacting as an aldehyde, phenylglyoxal should of course condense with 
monoamino-acids in a way analogous to the condensation obtained with 
formaldehyde. Using, in the Barcroft method described, formaldehyde or 
acetaldehyde, reaction rates too rapid to be measured were obtained both 
with mono- and with di-amino-acids. No colour develops in the solution when 
formaldehyde or acetaldehyde reacts with an amino-acid, and this, together 
with the fact that only diamino-acids react with phenylglyoxal seems to show 
that the two reactions are quite distinct. The curve shown in Fig. 2, indi- 
cating that two molecules of phenylglyoxal may enter the reaction, confirms 
this view. It is interesting to note that the substances obtained in this 
reaction somewhat resemble, in their physical properties, the products of the 
action of ammonia on phenylglyoxal, as described by Pinner. According to 
Mr Pirie (unpublished communication) chloral hydrate produces no shift of 
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Pu in a solution of alanine. It seems at any rate possible that the fact 
that phenylglyoxal exists as a hydrate is an important factor in determining 
the reactions described in this paper. 

Whilst it has been shown that the diamino-acids give with phenylglyoxal 
a reaction similar to that obtained with pancreatic extract, the question 
remains whether the diamino-acids present in the extract are sufficient to 
account for the whole of the reaction obtained. A number of experiments 
were made, in which the amino-nitrogen and the reaction velocity with phenyl- 
glyoxal of a boiled pancreatic extract and of a histidine solution were com- 
pared. The histidine solution was found to possess only two-thirds of the 
activity of the pancreatic extract, whilst it contained 1-4 times as much 
amino-nitrogen. As the whole of the free amino-nitrogen of the pancreatic 
extract cannot be derived from diamino-acids the disparity of the reaction 
rate and the diamino-acid concentration must be still greater than is indicated 
by the above figures. No special search was made for other substances in 
pancreas giving the same reaction. But it was found that glycylglycine shows 
the reaction, and so does liver juice after partial acid hydrolysis. Hence it 
appears that polypeptides are also capable of reacting with phenylglyoxal. No 
quantitative experiments were attempted to show whether the polypeptides 
plus diamino-acids could account for the whole of the reaction obtained with 
pancreatic extract, or whether some further substances have to be taken 
into account. 

That the antiglyoxalase action of pancreatic extracts cannot be due to 
removal of the glyoxal by the reaction described in this paper, as suggested 
by Foster, seems to follow from a number of results described in the literature. 
Neither yeast nor testis extracts show any antiglyoxalase activity (Dakin 
and Dudley). Both Ariyama and Kuhn and Heckscher observed antigly- 
oxalase action while following methylglyoxal disappearance and not, like Dakin 
and Dudley or Foster, mandelic acid production. Finally the complete thermo- 
stability and easy dialysability of the substances responsible for the reaction 
here described disagree with the properties ascribed to antiglyoxalase by the 
above workers. The problem is being further investigated. 


SUMMARY. 


1. A method is described for following acid production from phenylglyoxal 
by means of the Barcroft manometer. 

2. A production of acid, similar at first sight to that obtained with 
phenylglyoxal and liver extract, is obtained when phenylglyoxal is added to 
a pancreatic extract. 

3. It is shown that this acid production is not due to a transformation 
into mandelic acid, but to a reaction with amino-compounds, partly diamino- 
acids, with formation of a sparingly soluble orange substance. The reaction 


seems to be identical with that described by Foster. 
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4. The diamino-acids present in pancreatic extract cannot account for 
the whole of the reaction obtained, but it is found that polypeptides, in- 
cluding those of monoamino-acids, also react, while the monoamino-acids 


themselves do not. 


My thanks are due to Mr J. B. S. Haldane for suggesting the subject 
of this research, and to him and Sir F. G. Hopkins for their interest and 
encouragement. 
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LIV. THE ALLEGED CONTAMINATION 
OF CAROTENE BY VITAMIN A. 


By NORMAN STEWART CAPPER. 
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(Received March 4th, 1930.) 


THE claim of Euler, Euler and Hellstrom [1928] that carotene can restore 
growth in rats receiving diets deficient in vitamin A has now been supported 
by various workers [Moore, 1929, 1, 2; Collison, Hume, Smedley-MacLean 
and Smith, 1929; Kawakami and Kimm, 1929]. Negative results, however, 
were obtained by Duliére, Morton and Drummond [1929, 1, 2], and it was 
suggested by these workers that pure carotene was inactive, and that samples 
found to be active must have contained traces of vitamin A as impurity. 
Recently Hume and Smedley-MacLean [1930] have shown that the real cause 
of this failure did not lie in the superior purity of the carotene used, but was 
in all probability traceable to the use of ethyl oleate as a solvent for the test 
doses. Nevertheless the criticism that even the purest samples of carotene 
might still contain traces of the familiar vitamin A of cod-liver oil has re- 
mained incompletely answered. 

In the present note this problem has been approached by a comparison 
of the ultra-violet absorption spectra of carotene and cod-liver oil concentrate. 
It is well established that cod-liver oil and its concentrates are characterised 
by an absorption band at 328yup, and this band is attributed with some 
confidence to the presence of vitamin A [Takahashi et al. 1925; Morton and 
Heilbron, 1928; Drummond and Morton, 1929]. In an examination of carotene 
samples of varying degrees of purity, however, Duliére, Morton and Drummond 
have failed to detect this band, and have suggested that the absorption of 
carotene in this region may be sufficiently dense to obscure completely any 
maximum due to the vitamin. From the experiments to be described below 
a different conclusion has been reached, and it will be shown that the activity 
of carotene cannot be correlated with sufficiently intense absorption at 328 uy 
to account for its physiological activity on the basis of the presence as an im- 
purity of the same factor as is responsible for the absorption band of cod-liver 
oil. 

EXPERIMENTAL. 


The carotene used was prepared from carrots by Dr T. Moore, and had 
been purified to M.p. 178° (uncor.) by 12 recrystallisations from cyclohexane. 
In biological experiments the minimal daily dose necessary to promote growth 
in rats had been found to be about 0-002 mg. The cod-liver oil concentrate 
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was also supplied by Dr Moore, and had been found to promote growth 
regularly at 0-01 mg., with one isolated response at 0-0033 mg. 

The solutions were made up in dry ether and examined in 1 cm. cells in 
a Hilger sector photometer used in conjunction with a Hilger E, quartz 
spectrograph, a condensed copper spark being employed as a light source. 
The absorption curves obtained are shown in Fig. 1. 
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Fig. 1. Full curve: 0-005 % cod-liver oil concentrate. 
Broken curve: 0-006 % carotene. 


DISCUSSION. 


From Fig. 1 it will be seen that the absorption of carotene at 328 up was 
considerably less than the absorption of the cod-liver oil concentrate dissolved 
at the same concentration. Now since the carotene, weight for weight, had 
been found to be rather more active than the concentrate it would have been 
expected, if the vitamin A factor of the pigment were present in the same 
form as in cod-liver oil, that the absorption at 328 up would at least be equal 
in intensity, even in the improbable event of pure carotene being perfectly 
transparent in this region. Indeed if the carotene were much less active than 
was found, a maximum should still be apparent from the intensity of the band 
shown by the concentrate. 

It is, therefore, obvious that the biological activity of carotene cannot be 
explained by the presence of vitamin A as characterised by a band of 328 up. 
Unless it be assumed that the close association between this band and the 
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vitamin A of cod-liver oil is purely fortuitous it seems necessary to assume that 
vitamin A can exist in at least two forms, only one of which absorbs strongly 
at 328 up or that vitamin A can be synthesised in vivo from carotene, as has 
been suggested by Moore [1929, 3], or from some impurity still associated 
with the carotene. 

SUMMARY. 


1. The intense vitamin A activity of carotene is not accompanied by the 
absorption band at 328 up which is considered characteristic of the vitamin A 


of cod-liver oils. 
2. The absorption of carotene (M.P. 178°) in this region is insufficiently 


ae 


intense to obscure the absorption at 3284p which would be entailed by the 
presence of the cod-liver oil factor in an amount sufficient to account for the 
physiological activity of the pigment. 

3. Unless the close relation between the vitamin A activity of cod-liver 
oil and the 328 up band is deceptive it is essential to assume that vitamin A 
can exist in at least two forms, or that carotene behaves as provitamin A. 


My best thanks are due to Dr Moore for suggesting this problem, and to 
Dr J. K. Marsh for his interest and help. 
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In previous communications by one of us [Harington, 1926, 1928] reference 
has been made to experiments with the object of isolating thyroxine from the 
thyroid gland by means of the action of enzymes alone. All these attempts 
had hitherto proved abortive, but the problem remained of such interest that 
it was determined to make a renewed attack upon it in a more systematic 
manner and upon a larger scale than had so far been attempted. 

The problem seemed to us to present three main points of interest; in the 
first place the isolation of thyroxine through the unaided action of proteolytic 
enzymes would supply the final proof that the compound was present in the 
gland in peptide combination, provided that the possible objection that the 
isolation was rendered possible by the digestion of protein containing the 
thyroxine either in simple admixture or adsorbed could be dealt with on 
analytical grounds. Secondly, during the isolation of thyroxine by the action 
of enzymes alone no racemisation was to be anticipated, so that the deter- 
mination of the optical rotation of the product would provide us with the 
information which we required as to the completeness of the resolution of 
dl-thyroxine already described [Harington, 1928]. In the third place the 
physiological investigation of the intermediate thyroxine-containing digestion 
products of the thyroid offered an opportunity of testing the correctness of 
the suggestion recently advanced [Harington and Randall, 1929] that any 
remaining discrepancy which appears to exist between the physiological 
activity of thyroid gland and that of an equivalent amount of thyroxine may 
be accounted for by an enhancement of the activity of the latter compound 
when it is in peptide combination. 

One of the main difficulties which we anticipated was the loss of iodine 
as iodide which has been reported to occur in attempts to digest the thyroid 
protein with trypsin. Oswald [1908] has stated that in one experiment the 
whole of the iodine of a preparation of iodothyreoglobulin was thus liberated 
during digestion with an extract of pancreas for 3 weeks, and he has also 
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published experiments [1909] to show that a similar liberation of iodine occurs 
when 3 : 5-diiodotyrosine is subjected to the action of trypsin. One of us 
[Harington, 1926] in the course of his earlier experiments on the isolation of 
thyroxine met with the phenomenon under discussion, although the liberation 
of iodine did not appear to be so extensive as was indicated by the results of 
Oswald. 

Asa preliminary step, therefore, we undertook some experiments concerning 
the action of various preparations of trypsin on diiodotyrosine, since the 
possibility was present to our minds that the liberation of iodine might not 
be due to the trypsin as such, but to some accompanying enzyme; we hoped 
in fact that it might prove possible to procure or to make a preparation of 
trypsin which, whilst retaining its proteolytic activity, would be free from 
the disadvantage that it also liberated iodine from compounds of this type. 

To our surprise, however, with none of the preparations of trypsin which 
were at our disposal were we able to repeat Oswald’s experiments. After 
2-3 weeks of exposure to the action of trypsin under the conditions specified 
by him there was scarcely a trace of the effect which he describes, and, 
although on keeping the solutions for a period of months there was detectable 
a certain amount of liberation of iodine as iodide, this amount remained 
small, and we are inclined to ascribe the phenomenon to the effect of pro- 
longed keeping in slightly alkaline solution, rather than to any action of 
the enzyme. We found, however, in the course of our experiments, that the 
technique of analysis was not so simple as at first appears. In the presence 
of nitric acid and silver nitrate even in the cold, the iodine of diiodotyrosine 
is liberated with comparative ease, and precipitated as silver iodide. In the 
experiments under discussion samples of the solutions were taken from time 
to time, and the state of affairs determined by treatment with nitric acid 
and silver nitrate to remove inorganic iodide, followed by filtration and de- 
termination of the organic iodine remaining in the filtrate. At times the 
filtration of the precipitate produced by silver nitrate in acid solution would 
be slow, and it was noticed that in such experiments the liberation of iodine 
appeared to have been greater; it was then found that by keeping the solution 
for different periods of time at the stage of precipitation with silver nitrate 
and nitric acid the result of the analysis could be varied almost at will. It is 
evident, therefore, that unless the analysis be carried out with the utmost 
care and rapidity the results obtained are of little value, and it seems to us 
not unlikely that the findings of the earlier investigator may be ascribed to 
an unsuspected error of technique of this description. 

These experiments at any rate relieved us of a large part of our fear that 
the action of trypsin would be inevitably associated with serious losses of 
material through liberation of iodine, so long as the duration of the experi- 
ment were not unduly great. We could not indeed be certain that the con- 
ditions would be the same during the actual hydrolysis of a protein containing 
thyroxine (or diiodotyrosine) in peptide combination, or in the presence of 
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oxidases which might be contained in the gland itself; there was, however, 
no indication of the necessity of attempts to purify the proteolytic enzyme 
further, and it was decided to begin work on the enzymic hydrolysis of the 
thyroid protein, the general plan being to make the enzymic attack of as 
intensive a nature and of as short duration as possible. 

About 30 years ago Hutchison [1896, 1898] described experiments in 
which he was able, as the result of the action of pepsin on “colloid” (pre- 
sumably crude iodothyreoglobulin) to obtain an acid-insoluble precipitate 
containing a considerably higher concentration of iodine than the starting 
material. The preparation of this product of peptic digestion appeared to us 
to offer a promising starting point for our experiments, more especially as 
preliminary peptic digestion is known to lay a protein more open to subse- 
quent attack by trypsin. 

As a source of material we have used, throughout the greater part of this 
work, chilled thyroid glands. These were obtained for us by the British Drug 
Houses in sealed tins, and were conveyed direct from the cold store to the 
National Institute for Medical Research, where, by the courtesy of Dr H. H. 
Dale, F.R.S., they were stored at — 5°. The material was taken from the cold 
store as required, rapidly minced, and extracted with a slightly alkaline 
solution containing 1% of sodium chloride; the extract, which contained 
practically the whole of the iodine, was either adjusted to p, 1-5 and sub- 
mitted directly to intensive peptic digestion, or the globulin was first separated 
by dilution or by heat-coagulation, and a suspension of the precipitate in 
dilute hydrochloric acid at py 1-5 was digested with pepsin. In the latter 
case the action of the pepsin brought about rapid solution of the greater part 
of the precipitate, and in all cases after 48-96 hours the peptic action was 
complete. At this stage, the reaction of the solution having been maintained 
at py 1-5 by periodic additions of hydrochloric acid, the amount of precipitate 
was very small; on reducing the acidity, however, a considerable increase in 
precipitation occurred, and indeed a sharp optimum precipitation point was 
observed at py 5-0. The precipitate so obtained was large in amount and 
contained about 40% of the total iodine at a concentration of about 1 % 
of the dry weight; it was, however, heavily contaminated with fat. Attempts 
to remove the fat at this stage were unsuccessful owing to the almost per- 
manent emulsions which were formed with ether or other fat solvents. The 
material was therefore dissolved as completely as possible in dilute sodium 
hydroxide, the reaction being finally adjusted to p, 8-0, and was subjected 
to digestion with trypsin. In spite of our previously mentioned failure to 
observe any liberation of iodine as the result of the action of trypsin on 
diiodotyrosine, we had nevertheless in mind, for reasons already mentioned, 
the possibility that during the actual digestion of the protein conditions might 
be different. We therefore conducted the digestion as intensively as possible, 
employing large amounts of an active preparation of trypsin and arresting 
the reaction as soon as the curve representing the increase of amino-nitrogen 
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began to flatten out. This occurred after 72-96 hours, at which point the 
amino-nitrogen represented about 50 % of the total; the solution was diluted 
with water and adjusted to py 5-0 and the precipitate separated by filtration. 
It was found that at this stage a considerable amount of material of negligible 
iodine content could be rejected by extracting the precipitate with 70% 
acetone containing some hydrochloric acid, nearly all the iodine passing into 
solution in this solvent and the larger part of the material being left un- 
dissolved. By adjustment of the reaction of the filtrate to py, 5-0 and removal 
of the acetone by distillation the iodine-containing material was recovered. 
A fairly satisfactory removal of lipoids could now be effected by solution of 
the precipitate in dilute alkali followed by reprecipitation with simultaneous 
extraction with ether, and the residual material could be readily dried to a 
dark brown powder which usually contained about 15 % of iodine and 7 % 
of nitrogen. 

It was resolved at this point to attempt to make use of the fact observed 
by Kendall [1919] that the pigmented substances of high molecular weight 
which are formed during the hydrolysis of the thyroid have a very low solu- 
bility in barium hydroxide. We therefore dissolved our material in a large 
volume of boiling water with the aid of the minimal amount of ammonia, and 
added barium hydroxide (hydrate) to make a concentration of 5 % of the 
latter; this produced a bulky precipitate, which was immediately filtered off 
from the hot solution; the filtrate, which was of a light brown colour, was 
adjusted to py 5-0 with hydrochloric acid. This caused an immediate pre- 
cipitation, and further separation of material occurred on standing; after 
48 hours the solid material was filtered off and dried, when it formed a light 
brown-coloured powder containing usually a little over 30% of iodine and 
giving a very strong nitrous acid reaction for thyroxine. 

Attempts to crystallise this material by dissolving it in 80% alcohol 
containing sodium hydroxide and acidifying the hot solution with acetic acid 
resulted in no separation. When acetone was added to the acid solution, 
however, separation oi a considerable amount of pigmented oily material of 
low iodine content occurred; after removal of the latter the clear liquid was 
poured into a large volume of water whereupon there slowly separated a 
cream-coloured product which, after drying, had an iodine content of 45-50 %, 
and a nitrogen content of about 5%; since, as the result of a number of 
experiments, we arrived constantly at a product of approximately the same 
composition, in spite of the complexity of the process, we were at first inclined 
to believe that this substance, which, from the analytical figures, appeared 
to be a tri- or tetra-peptide containing thyroxine, represented a true end- 
product of tryptic digestion. It was possible to isolate thyroxine after hydro- 
lysis of the material with a mixture of hydrochloric and acetic acids or with 
alkali, but we were unable to effect any hydrolysis by means of active erepsin 
preparations. In solubilities the substance differed markedly from thyroxine. 
Whereas thyroxine is practically insoluble in acid, the digestion product was 
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precipitated from its alkaline solution sharply and completely on adjustment 
of the reaction to py 5-0 but only incompletely on addition of excess of acid. 
It was soluble in glacial acetic acid and partly so in 50 % acetic acid, par- 
ticularly when hot. It failed to separate on addition of acetic acid to its 
solution in alkaline 80 % alcohol. In 0-1 N sodium carbonate the material 
was moderately soluble, but when a hot concentrated solution was allowed 
to cool slowly a separation of a colourless sodium salt occurred; the latter 
was, however, not crystalline and did not have the characteristic appearance 
of the sodium salt of thyroxine. 


Table I. Course of purification. 


Yields and atomic nitrogen : iodine ratios at various stages. 


Starting 
material 

. Iodothyreoglobulin 
2-17 g. iodine 

. Iodothyreoglobulin 
1-455 g. iodine 

. Iodothyreoglobulin 
1-81 g. iodine 

. Iodothyreoglobulin 
4-65 g. iodine 

. Desiccated thyroid 
3-34 g. iodine 

. Desiccated thyroid 
3-77 g. iodine 

. Iodothyreoglobulin 
11-3 g. iodine 


Peptic 
product 
0-95 g. iodine 

N:149 
0-88 g. iodine 
N:1 57 
0-91 g. iodine 
N:160 
Not analysed 


1-44 g. iodine 
N:1 55 

1-78 g. iodine 
N:176 

4-8 g. iodine 
N:1 57 


After trypsin 

and ether 
0-2 g. iodine 
N:13-4 
0-34 g. iodine 
N :16-3 
0-30 g. iodine 
N:15:3 
0-85 g. iodine 
N:14-4 
0-65 g. iodine 
N:1 4-2 
1-07 g. iodine 
N:16-0 
(a) 1-15 g. iodine 
N :1 5-6 


After 
baryta 


0-071 g. iodine 
N:118 

0-068 g. iodine 
N:125 

0-42 g. iodine 
N:1I1-9 

0-4 g. iodine 
N:11-0 

0-57 g. iodine 
N:11:3 

(a) 0-47 g. iodine 
N:11-9 

(6) 0-31 g. iodine 


After 
acetone-alcohol 
purification 


0-145 g. iodine 
N:11-0 

0-17 g. iodine 
N:10-8 

0-2: 


1 
g. iodine 
N:I1-1 


(6) 0-78 g. iodine 
N:165 N :1 28 
1-7 g. iodine 0-9 g. iodine 
N:111-4 N:12-2 


(After 2nd 
trypsin) 

(a) 0-22 g. iodine 

N :1 0-98 

(b) 0-45 g. iodine 

N:I 1-1 

0-028 g. iodine 

N:106 

0-63 g. iodine 

N:106 


. Iodothyreoglobulin 
11-0 g. iodine 


8-2 g. iodine 
N:1 109 


odine 0-075 g. iodine 
3 N:11-3 
odine 1-5 g. iodine 

‘l N:11-0 


. Iodothyreoglobulin No pepsin 0-2 g. 

2-06 g. iodine N:I 

L. Iodothyreoglobulin No pepsin 2-4 g. 
12-6 g. iodine N: 


gf 
4 


I 


i 
4 
i 
4 


Much time was spent in attempts to separate a pure peptide from this 
digestion product, until the experiments described in detail in the experi- 
mental part led to the isolation from it, as the result of simple methods of 
purification, of a small amount of crystalline thyroxine. The character of the 
digestion product was thus revealed in its true light as a mixture of free 
thyroxine with a preponderance of thyroxine still in peptide combination. 

In Table I are given figures for the yields of iodine and for the atomic 
nitrogen : iodine ratios of the thyroxine-containing digestion product at 
various stages of three incomplete and seven complete preparations carried 
out by the method described above. The nitrogen : iodine ratios give a useful 
indication of the extent of digestion at the various stages, and it will be seen 
that, except in preparation H where the early stages of the digestion were 
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peculiarly inefficient, the figures show a remarkable degree of constancy. If 
we multiply these ratios by 4 we obtain the nitrogen : thyroxine ratios, and 
it may then be seen that the product after trypsin and ether treatment has 
the approximate composition of a thyroxine peptide containing 19 other 
amino-acids: after purification with baryta the product gives approximate 
figures for a hepta-peptide, and after the acetone-alcohol purification for a tri- 
or tetra-peptide containing thyroxine. All these deductions are naturally 
based on the assumption that no diamino-acids are present; the markedly 
acidic properties of the product indicate that this assumption, for the more 
highly purified material at least, is probably a fair one. 

Table II shows the percentage of iodine in the thyroxine-containing 
digestion product at three significant stages of purification in the various 
preparations. 


Table IT. 


Percentage of iodine in thyroxine-containing fraction at various stages of 
digestion and purification. 
After 
After trypsin After baryta acetone-alcohol 
Preparation and ether purification purification 
15-3 


dd 


= 29-1 
2-2* 23-5 
15-0 32-4 
17-1 41-7 
12-4 40-6 
32-0 
29-0 
30-2 (a) 
(5) 
38-1 
43:8 


* No ether. { After 2nd tryptic digestion. 


C 
D 
E 
F 
G 
H 
K 
L 


In Table III are recorded the figures for the percentage of iodine and of 
total and amino-nitrogen in the more highly purified fractions of two pre- 
parations. The figures to which we wish to call special attention here are those 
in the last column, which represent the ratio of amino-nitrogen to thyroxine 
in the product. The determinations of amino-nitrogen were made by the 
colorimetric method of Folin [1922] on small amounts of material, and no very 
high degree of accuracy is claimed for them; it is, however, sufficiently obvious 
that the ratio approximates to unity; that is to say, that there is in the product 
one free amino-group for every molecule of thyroxine. Such an analytical 
result is consistent with the supposition that the material is composed ex- 
clusively of peptides containing thyroxine, or of thyroxine mixed with 
thyroxine-containing peptides; it could not, however, be obtained from a 
mixture of free thyroxine with peptide material of a different character. As 
collateral evidence in favour of the hypothesis that thyroxine is present in 
the thyroid in actual combination these analyses are therefore ot value. More 
direct evidence in this direction is afforded by the fact that on prolonged acid 
hydrolysis of the digestion product, practically the whole of the nitrogen was 
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obtained in the amino-condition. It appears therefore that there is no longer 
any room for doubt that thyroxine does exist in the thyroid gland in peptide 
combination—as a constituent amino-acid, in fact, of the characteristic 
thyroid protein, iodothyreoglobulin. 


Table ITI. 


Detailed analysis of partly purified digestion products. 
Iodine Tetal nitrogen Amino-nitrogen Amino-nitrogen 
Material oo % % thyroxine 
Preparation H. After 30-2 7-42 0-97 1-2 
baryta purification 
Preparation H. After 45-3 4-92 1-26 1-01 
acetone purification 
Ditto 42-0 , 0-88 
Preparation K. After 38-1 4:8 1-3 1:3 
baryta purification 
Preparation K. After 49-8 3-4 1-34 0-97 
acetone purification 


The amount of crystalline thyroxine which could be separated from the 
digestion product was very small, and since the digestion product itself, as 
the result of large losses in the course of preparation, represented only a minute 
fraction of the original iodine, it was not possible to obtain more than the 
smallest amounts of thyroxine by this method. Sufficient was, however, 
isolated to permit of satisfactory determinations of optical activity with the 


aid of a Fischer micropolarimeter tube; these determinations indicated that 
the thyroxine was laevorotatory and had in fact a specific rotation of approxi- 
mately [a@];4s; — 3°8° as the sodium salt in 60 % alcoholic solution; this figure 
is in close agreement with that obtained for the /-thyroxine previously pre- 
pared [Harington, 1928] by the resolution of dl-3 : 5-diiodothyronine and 
subsequent iodination of the product. The resolution at that time described 
must therefore be assumed to have been moderately complete, and the sug- 
gestion, made on the basis of the relative physiological activity of the two 
enantiomorphs, that /-thyroxine would prove to be the naturally occurring 
variety, is confirmed. At the same time this result indicates, in view of the 
observations of Gaddum [1930] regarding the relative physiological activity 
of the two enantiomorphs, that no very great discrepancy between the 
activity of thyroid gland and that of thyroxine isolated therefrom by alkaline 
hydrolysis can be accounted for by racemisation alone. 

This brings us back to the third point of interest of the present work, 
namely the physiological comparison of the digestion product, containing 
thyroxine for the most part still in peptide combination and containing no 
iodine compound other than thyroxine, with free thyroxine itself. This com- 
parison was kindly carried out for us by Dr J. H. Gaddum. The substances 
were tested on rats and their effects were compared after administration both 
by the oral and the subcutaneous route. The oral administration of 1 mg. 
per diem for 6 days of pure /-thyroxine had practically no effect on the oxygen 
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consumption of a rat, whilst an equivalent dose of the digestion product 
(1:3 mg. per diem for 6 days of a preparation containing 50% of iodine) 
produced an increase in the oxygen consumption of 85%. By the subcu- 
taneous route, on the other hand, single doses of 1 mg. of /-thyroxine and 1-3 mg. 
of the digestion product caused increases in the oxygen consumption of 
32-5 % and 37-5 % respectively; that is to say, in this case the physiological 
difference between the two substances was very much less marked. 

This experiment appears to us to afford an admirable demonstration of 
the causes which have led various workers to form what we believe to be a 
false conclusion, namely that the physiological activity of the thyroid gland 
cannot be entirely accounted for by the thyroxine which it contains. It is 
indeed quite unjustifiable to deduce any such discrepancy from an apparent 
difference between the effects of thyroxine and thyroid gland when given by 
mouth or otherwise. The physical properties of thyroxine are such as to make 
it highly probable that the absorption of this substance after oral adminis- 
tration would be inefficient and erratic; the digestion product, on the other 
hand, possessing as it does a much wider range of solubility, might well be 
absorbed almost quantitatively; such a state of affairs is precisely what is 
indicated by the first part of the experiment of Dr Gaddum which has just 
been described. For a similar reason it is equally unjustifiable to attempt to 
make a comparison between the effect of thyroxine and that of thyroid gland 
or iodothyreoglobulin when both are injected subcutaneously. In view of 
the slowness with which the physiological effect of thyroxine develops, it is 
almost a foregone conclusion that after an injection of a massive dose of the 
substance a portion will be lost by excretion before it has time to exercise its 
action on the organism. On the other hand, it is known that the processes 
involving the removal of a foreign protein from the body after its subcu- 
taneous injection may take a number of days; after the subcutaneous in- 
jection of iodothyreoglobulin therefore we should anticipate a more or less 
prolonged period during which the active principle of the protein would be 
slowly liberated, thus attaining a therapeutic efficiency greatly in advance 
of that achieved by injection of a single equivalent dose of free thyroxine. 
In the last sentence we have used the term “‘active principle” of the iodo- 
thyreoglobulin rather than thyroxine because it appears to us to be probable 
that the actual substance which the thyroid secretes into the blood may not 
be free thyroxine but a relatively simple peptide containing this compound— 
a substance in fact analogous to our final digestion product. This conclusion 
is supported by the results of recent experiments of Dr Reid Hunt in Boston 
in which a sample of the digestion product containing approximately 50 % 
of iodine, from which as much free thyroxine as possible had already been 
separated, has shown itself to be certainly 250 and possibly even 500 times as 
active as U.S.P. standardised desiccated thyroid, both substances being ad- 
ministered orally. The digestion product when administered intravenously was 
approximately as active as when given by mouth. These results were obtained 
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in mice by the acetonitrile method. Dr J. H. Means of Boston has also studied 
the calorigenic action of this digestion product when given by mouth to 
patients with a sub-normal basal metabolic rate; although his controls, which 
consist in observing the effect of U.S.P. standardised thyroid in the same 
patients, have not yet been completed, it is already apparent that the digestion 
product is fully as effective as an equivalent dose of thyroid and very likely 
more so. The U.S.P. standardised thyroid contains about 0-2 % of iodine, 
so that the results which have just been quoted mean that, in order to produce 
a given physiological effect, at least as much and probably more iodine must 
be given in the form of thyroid than in the form of the digestion product 
which contains no iodine compound other than thyroxine. This is precisely 
what our recently acquired knowledge of the chemistry of the thyroid would 
lead us to expect. There remains, therefore, in our opinion no reason whatever 
to presume the existence in the thyroid gland of an active principle other 
than thyroxine, or that the thyroxine in the thyroid exists in an “activated” 
form except in so far as owing to its optical activity and possibly also to 
the fact that it is in peptide combination, it can produce an effect greater 
than that of the free racemic compound. Indeed, taking into account the 
errors of the physiological method and the essential difficulties of obtaining 
a therapeutic comparison to which we have called attention, it is a matter 
for surprise that even an approximate parallelism can be observed between 
the action of thyroid gland or iodothyreoglobulin or an equivalent amount 
of free /-thyroxine. 
EXPERIMENTAL. 


A. Action of trypsin on diiodotyrosine. 


These experiments were undertaken to test the statements of Oswald 
regarding the hydrolysis of the iodine of diiodotyrosine by trypsin, and to 
obtain an indication of the extent to which this reaction was likely to prove 
a serious obstacle in the way of the isolation of thyroxine by enzymic action. 

A solution of diiodotyrosine (prepared from /-tyrosine) containing 0-5 mg. 
of iodine per cc. was buffered with phosphate and adjusted to p,, 8-0; 100 cc. 
samples of this solution were treated with active preparations of trypsin (two 
commercial samples and one fresh pancreatic extract), toluene being added 
to inhibit bacterial action, and were placed in an incubator at 40°. Portions 
of the solutions were withdrawn at intervals and analysed as follows: cold 
boiled-out nitric acid and silver nitrate were added, and, after 15 minutes, 
the solution was filtered through asbestos; the filtrate and washings were 
freed from silver by addition of hydrochloric acid; after removal of silver 
chloride the solution was made alkaline, evaporated, and analysed for iodine 
by the method of Kendall [1914]; the figure obtained was taken to represent 
the iodine remaining in organic combination, any iodide which had been formed 
having been removed by the preliminary treatment with silver nitrate and 
nitric acid. 
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Results of analyses carried out in this manner indicated no significant 
alteration in the organic iodine after 1, 2 and 3 weeks’ digestion respectively. 
The solutions were then left undisturbed for 5 months and again analysed. 
The organic iodine was now found to be diminished to about 80 % of the total 
iodine, but this diminution was just as marked in the control solution, to 
which no enzyme had been added, as in those containing active trypsin. It 
was evident, therefore, that no liberation of iodine as iodide could be ascribed 
to the action of the trypsin as such. In the effort to account for the dis- 
crepancy between our results and those of Oswald, we studied the conditions 
of the analysis more closely, and found, in fact, that increase either in the 
amount of nitric acid employed (even though the latter were freshly boiled 
out) or in the length of time allowed for the precipitation in presence of nitric 
acid, caused an apparent diminution in the proportion of organic iodine. It is 
known that the iodine of diiodotyrosine is removed with extreme ease when 
the compound is warmed with silver nitrate and nitric acid; there is little 
doubt in our minds but that this reaction takes place also to some extent in 
the cold, and that an error of this type accounts at least in part for the results 
obtained by Oswald. There exists the further possibility that the enzyme 
preparations employed by him contained oxidases which were absent in our 
experiments, and which may have brought about some destruction of the 
diiodotyrosine. 


B. Enzymic hydrolysis of thyroid gland. 


The early stages of the digestion (leading to the material containing about 
15 % of iodine) were carried out by a variety of methods, of which typical 
examples are described. 

(a) Successive action of pepsin and trypsin on todothyreoglobulin. Frozen 
thyroid gland (5400 g.) was passed rapidly through a mincer and suspended 
in 5400 cc. of 0-02 % sodium hydroxide containing 1 % of sodium chloride; 
the suspension was shaken for 3 hours and allowed to stand overnight; it was 
then strained through butter-muslin and the solid residue was submitted to 
a second similar extraction. The combined reddish-coloured extracts were 
chilled and as much fat as possible was removed mechanically. The solution 
was adjusted to p,, 5-0, treated with sodium sulphate to make 1 % concen- 
tration of the latter, and raised rapidly to boiling-point by introduction of a 
vigorous current of steam with simultaneous external heating. The coagulum 
of crude iodothyreoglobulin, which contained about 97 % of the total iodine 
of the extract, was filtered off hot through large Biichner funnels, and the 
cheesy cakes of material so obtained were suspended in 10 litres of water 
containing 0-5 % of an active pepsin preparation and sufficient concentrated 
hydrochloric acid (in this case 240 cc.) to bring the reaction of the solution 
to py 1-6. The mixture was transferred to large bottles which were placed 
in an incubator at 40°, the contents being frequently shaken during the early 
stages of the digestion. After 48 hours fresh pepsin (the same amount as 
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originally employed) was added, the reaction being adjusted to py 1-6 by 
the further addition of hydrochloric acid if necessary. After a further 48 hours 
the solution was diluted with an equal volume of water and the reaction was 
adjusted by the cautious addition of sodium hydroxide, vigorous mechanical 
stirring being employed to obtain efficient admixture; at py, 5-0 a sharp 
flocculation was obtained. After standing for a few hours the mixture was 
poured on to large pleated filters and allowed to drain; filtration was slow 
and no pretence at efficient washing could be made. The bulky greasy preci- 
pitate, containing about 1 % of iodine reckoned on the dry weight and about 
40 % of the total iodine of the iodothyreoglobulin, was scraped off the filters 
and suspended in water (2370 cc.); sodium hydroxide was added until the 
reaction was py, 8-0 and the greater part of the material had passed into 
solution; 0-2 % of an active preparation of trypsin was then added and the 
material was transferred to the incubator. The reaction was readjusted to 
Pr 8-0 twice daily by addition of the necessary amount of sodium hydroxide; 
daily determinations of the amino-nitrogen concentration were made by the 
Van Slyke method. After 72 hours a second addition of 0-2 % of trypsin was 
made. At the end of 96 hours from the beginning of the digestion, the rate 
of increase of the amino-nitrogen (which had by this time reached about 50% 
of the total nitrogen) had become very low; as we were anxious so far as 
possible to avoid the chance of loss of iodine, the digestion was interrupted 
at this stage by bringing the solution to py, 5-0 by the addition of hydrochloric 
acid. The precipitate was again filtered off on pleated filters and washed as 
well as possible with water; it was then extracted three times in succession 
with 70 % acetone to which was added enough hydrochloric acid to keep the 
reaction about py, 1-6; the bulky insoluble matter was filtered off and the 
filtrates were immediately brought back to py 5-0 with sodium hydroxide. 
The acetone was then removed by distillation, diminished pressure being used 
in the last stages. The residual aqueous liquid contained a dark-coloured pre- 
cipitate of somewhat oily consistency; on addition of sodium hydroxide all 
passed into solution, and the alkaline liquor was transferred to a beaker and 
covered with a layer of ether. While the two layers were kept thoroughly 
mixed by vigorous mechanical stirring, hydrochloric acid was cautiously 
added until the py was again 5-0; the mixture was allowed to stand, when it 
separated into a brown aqueous layer and an almost black ethereal layer with 
a dark precipitate at the interface; the latter was filtered off and washed 
with ether, when it amounted to 5-66 g. of a dark brown powder containing 
15-0 % of iodine and 7-28 % of nitrogen. 

(6) Successive action of pepsin and trypsin on alkaline sodium chloride 
extract of thyroid gland. In some experiments the isolation of the crude 
iodothyreoglobulin by heat coagulation was omitted, and the solution obtained 
by extraction of the gland material with 0-02 % sodium hydroxide containing 
1 % sodium chloride, after freeing as far as possible from fat, was adjusted 
to py 1-6 by addition of hydrochloric acid and submitted directly to peptic 
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digestion, followed by the treatment described above. In one such experi- 
ment, 9-5 kg. of frozen thyroid gave 16g. of material containing 13 % of 
iodine and 8-5 % of nitrogen. 

(c) Successive action of pepsin and trypsin on desiccated thyroid gland. 
Desiccated and finely powdered thyroid gland (725 g.), which had been de- 
fatted with light petroleum, was suspended in 7600 cc. of water to which had 
been added 0-5 % of pepsin and 155 cc. of concentrated hydrochloric acid; 
the pepsin was renewed after 36 hours and the digestion was arrested at the 
end of 72 hours; the reaction of the solution was brought to p, 5-0 and the 
resulting precipitate was submitted to tryptic digestion and worked up as 
described above; there was obtained 3-8 g. of material containing 17-1 % of 
iodine and 8-0 % of nitrogen. 

(d) Action of trypsin only on alkaline sodium chloride extract of thyroid 
gland. The extract obtained in the usual manner from 7840 g. of frozen thyroid 
was submitted directly to digestion with 0-2 % of trypsin, toluene being added 
to inhibit bacterial action; the trypsin was renewed after 48 hours, the reaction 
being maintained at py 8-5 by periodic additions of sodium hydroxide and 
at the end of 76 hours the solution was brought to py, 5-0; the precipitate 
was then extracted with 70 % acid acetone and the extracted material re- 
precipitated in presence of ether as already described; there was obtained a 
precipitate, a sample of which showed an iodine content of 8-3 °% and nitrogen 
7-8 %; this was subjected to a second similar tryptic digestion, the volume 
being at first 1200 cc. and being raised after 24 hours to 2200 cc.; after the 
second addition of trypsin the py of this digest, which had fallen spontaneously 
to 7-6, was allowed to remain at this figure for a day, with the intention of 
favouring the action of any dipeptidase which might be present in the enzyme 
preparation; the py was then raised to 8-0 again at which it remained un- 
changed despite the further addition of trypsin; after a total digestion period 
of 84 hours the material was again precipitated at py 5-0, and now con- 
tained 10-2 % of iodine and 4-7 % of nitrogen. As might be expected the 
ethereal layer in all the above-described experiments, being heavily loaded 
with lipoidal substances, carried a certain amount of iodine-containing material 
into solution; a large proportion of this separated out on keeping the solution. 
Thus in one experiment the ethereal layer contained, immediately after 
separation, 130 mg. of iodine; three weeks later a further precipitate had 
separated and the iodine content of the solution was 74 mg.; still more 
material continued to separate after this. 

The digestion product obtained by any of the methods described above 
formed a dark brown or almost black powder which was readily soluble in 
alkali and much less so in acid; it had a well defined point of maximum 
flocculation at py 5-0; it contained usually 12-17 % of iodine and 5-8 % of 
nitrogen; that is to say, it had approximately four atoms of nitrogen for every 
one atom of iodine, or 16 nitrogen atoms for every molecule of thyroxine. 

The next stage in the purification of the product was the removal of the 
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pigmented impurities of relatively high molecular weight by making use of 
the insolubility of their barium salts. The conditions for this experiment were 
selected with a view to attainment of the maximum salting-out effect of the 
barium ions consistent with the exclusion of the possibility of hydrolysis. 
With this object the concentration of barium hydroxide was not raised above 
5 % and the time of exposure even to this small concentration was cut down 
to a minimum. An example of the procedure may be given as follows. 
A sample of the tryptic digestion product containing 14 % of iodine and 
8-5 % of nitrogen, and representing in all 1160 mg. of iodine, was dissolved 
in 1200 cc. of water with the aid of the minimum quantity of ammonia; the 
solution was brought to the boil and treated with 60 g. of crystalline barium 
hydroxide dissolved in 120cc. of hot water; boiling was continued for 
2 minutes, and the heavy precipitate was filtered off. Filtration was rapid, 
and the filtrate, whilst still hot, was acidified with concentrated hydrochloric 
acid; addition of excess of the latter caused partial re-solution of the preci- 
pitate; the reaction was therefore brought back to py, 5-0 by the addition of 
sodium acetate. After standing for 48 hours at the ordinary temperature the 
precipitate was filtered off and dried. It contained 468 mg. of iodine at a 
concentration of 32 % and the nitrogen content was 6-3 %, corresponding to 
a ratio of 1-86 atoms of nitrogen to 1 atom of iodine. Although therefore the 
loss of iodine at this stage was heavy, the improvement in the quality of the 
product far outweighed this disadvantage. The product at this stage was a 
buff-coloured powder which gave the nitrous acid reaction for thyroxine with 
intensity. It was easily soluble in alkali, but insoluble in water at py 5-0 
and only partly soluble at more acid reactions. When it was dissolved in 
80 % alcohol with the aid of sodium hydroxide and when the solution was 
acidified with acetic acid no separation took place; acetone was added to 
such a solution in the hope of inducing the separation of any free thyroxine 
which might be present, and it was found that this treatment produced a 
precipitate of gummy material which contained relatively little iodine and 
much nitrogen. This observation led to the development of the next stage in 
the purification. Thus in one experiment 1-48 g. of material resulting from a 
treatment with barium hydroxide as already described, containing 40-7 % 
of iodine and 6-0 % of nitrogen (nitrogen : iodine = 1-34), was dissolved 
in 10 cc. of N sodium hydroxide and the solution was then made 80 % with 
respect to alcohol; a small precipitate was removed by centrifuging and the 
mother liquor was acidified by the addition of 4-5 cc. of 33 % acetic acid; 
4 volumes of acetone were then added and the solution was rapidly centri- 
fuged; the combined clear and light yellow mother liquor was diluted with 
1500 cc. of water. Within a few minutes the opalescent solution began to 
deposit a light flocculent precipitate which gradually increased in amount. 
After 24 hours this was filtered off and amounted to 0-46 g. of material con- 
taining 49-8 % of iodine and 6-3 % of nitrogen; the nitrogen : iodine ratio 


was therefore 1-15 and the nitrogen : thyroxine ratio 4-6. After standing for 
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3 days longer a further crop of 71 mg. of material containing 46 °% of iodine 
separated. 

The fact that the product at this stage still exhibited marked differences 
in solubility from thyroxine, although, judging by the iodine content, it con- 
tained over 75 % of the latter, led us for a long time to suppose that we were 
dealing with a somewhat impure compound of thyroxine (probably a tri- 
peptide) rather than with a mixture of free thyroxine with impurities; we 
were supported in this view by the constancy with which we arrived at a 
closely similar end-product in spite of the complexity of the preceding mani- 
pulation. Finding ourselves unable to achieve any further hydrolysis either 
by the aid of animal erepsin preparations of proved activity or with the help 
of yeast peptidases, we had recourse to acid hydrolysis of this product and 
also of material at an earlier stage of purification in the attempt to isolate 
thyroxine. We were in fact successful in obtaining thyroxine by hydrolysis 
with a mixture of hydrochloric and acetic acids at 100°, and we were able to 
show that during this process the whole of the nitrogen was converted into 
the amino-condition. Nevertheless the losses involved by the liberation of 
iodine were severe and, as will be shown later, the thyroxine obtained by this 
method was partly racemised. 

Much effort was then expended in the attempt to obtain our supposed 
tripeptide in a pure condition, and it was during these experiments that we 
stumbled on the true explanation of the situation, namely that the purified diges- 
tion product consisted of a mixture of free thyroxine with thyroxine peptides. 

The substance approximated more closely than the earlier products to 
thyroxine in that it had almost completely lost its solubility in excess of 
mineral acid. It still failed to separate, however, when acetic acid was added 
to its solution in alkaline 80 % alcohol. It was soluble in glacial acetic acid 
from which it could be precipitated with ether, without, however, effecting 
any significant purification ; in 50 % acetic acid it could be dissolved by boiling 
and a part separated on cooling; on some occasions this less soluble portion 
seemed to show signs cf commencing crystallisation, but a second separation 
from acetic acid failed to improve it to any significant extent, although 
fractions could be obtained in this manner which showed a somewhat higher 
iodine : nitrogen ratio. It was then decided to try and utilise the low degree 
of solubility of the product in cold 0-1 N sodium carbonate. This property, 
which has been found to be a general characteristic of the acidic compounds 
of the thyroxine series, appeared in the substance under discussion for the 
first time among the various products of digestion of the thyroid, the thyroxine- 
containing fraction at all earlier stages showing no tendency to separate from 
a concentrated solution in sodium carbonate. Very concentrated solutions of 
the material containing 45-50 % of iodine could be prepared in boiling 0-1 NV 
sodium carbonate, and if such solutions were rapidly cooled they not infre- 
quently formed stiff gels. By slow cooling, however, the separation of a 
sodium salt could be induced, and although the concentrated solution was 
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rather dark in colour, the sodium salt, whilst not yet crystalline, was almost 
colourless. Moreover the material recovered after separation of the sodium 
salt on the centrifuge, and acidification of its solution in hot water, was 
definitely less soluble in acetic acid. A second separation from sodium car- 
bonate at this stage involved heavy loss of material without corresponding 
improvement in quality; we therefore made use of the fact, which we had 
observed, that the substance could be precipitated from its solution in pyridine 
by dilution with water. A fairly concentrated solution in pyridine was pre- 
pared, and was diluted with boiling water to permanent turbidity; on cooling, 
a precipitate separated which showed a tendency to adhere to the walls of 
the tube where the latter was scratched with a glass rod, and which, under the 
high power of the microscope, showed commencing crystallisation; this material 
was separated on the centrifuge and dissolved in boiling 0-1 N potassium 
carbonate; the white precipitate which separated when the solution was kept 
for some hours at 0° was decomposed with acetic acid, and the product, after 
being washed with water on the centrifuge, was again dissolved in boiling 
dilute sodium carbonate solution; this time, as the solution cooled, precipi- 
tation of a heavy white microcrystalline substance occurred, which had the 
characteristic appearance of the mono-sodium salt of thyroxine. This salt 
was separated on the centrifuge, and dissolved in 80 % alcohol with the aid 
of sodium hydroxide; the boiling solution was acidified with 33 % acetic acid 
when rapid separation of typical crystals of thyroxine occurred. 

The thyroxine so obtained melted at 235° with decomposition; this melting 
point was not changed by admixture with synthetic /-thyroxine which also 
melted at 235°. A mixture of synthetic d- and /-thyroxine sintered at 228° 
and melted at 231—232°. 

The amount of thyroxine isolated from the digestion product was so small 
as to necessitate the use of a Fischer micropolarimeter tube for the deter- 
mination of its specific rotation. A tube manufactured by Messrs Schmidt 
and Hantzsch was employed and considerable care was taken, by preliminary 
experimentation with known substances, to acquire a reliable technique. No 
difficulty was experienced in obtaining consistent readings, although there 
was a constant small difference between the readings of two observers. In 
order so far as possible to control this source of variation, determinations 
were made by the two observers on synthetic /-thyroxine as well as on the 
product obtained from the thyroid, the thyroxine in both cases being dissolved 


at approximately 5 % concentration in a mixture of 2 volumes of alcohol and 
1 volume of N sodium hydroxide. The results are given in Table IV, from 
which it will be seen that, within the limits of error of the experiment, no 
difference could be detected between the synthetic and natural product; 
moreover, the mean of the four determinations is in close agreement with the 
value previously obtained, using a large polarimeter tube, for the synthetic 
l-thyroxine, viz. — 3-5°! [Harington, 1928]. 


1 Cf. note to Table IV. 
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Table IV. 
Natural thyroxine (c=4-4) Synthetic /-thyroxine (c =4-45) 
Observer [a]5a61 [a|5a61 
C.R.H. —4-45° —4-5° ( —3-5°)* 
W.TS. —3-2° —3-15° 
Mean —3-8° —3-8° 
* The results previously recorded [Harington, 1928], for the specific rotations of d- and 
l-thyroxine were erroneously calculated on the concentration by weight instead of by volume. 
The figure given here in brackets represents the earlier value corrected for the specific gravity 
of the solution in order to make it comparable with the present results. 


Isolation of thyroxine by acid hydrolysis of digestion product. 

Before we had realised the possibility of separating free thyroxine from the 
digestion product by ordinary methods of purification, we attempted to obtain 
optically active thyroxine by acid hydrolysis. The material was dissolved in 
90 % acetic acid which was saturated with hydrogen chloride at 0°, and the 
mixture was heated on the steam-bath in a sealed tube for 6 hours. The 
solution was evaporated to dryness under diminished pressure and the residue 
was dissolved in 60% alcohol with the aid of a little hydrochloric acid. 
Sodium hydroxide solution was added to bring the reaction to py 5-0, and, 
after standing overnight, the precipitate was filtered off, washed with water, 
and dissolved in the minimum amount of boiling 0-5 % sodium carbonate. 
The sodium salt of thyroxine, which separated on cooling, was converted into 
the free amino-acid in the usual manner. The thyroxine so obtained had 
[@];a6, — 1:3° (c = 4:88 in 60 % alcohol containing sodium hydroxide); con- 
siderable racemisation had therefore taken place. The hydrolysis was accom- 
panied with some decomposition, free iodine being present at the end of the 
reaction and the yield of thyroxine was therefore poor. In the solution left 
after separation of the thyroxine, 66 % of the nitrogen was in the amino- 
condition; after further hydrolysis the proportion of amino-nitrogen was 
increased to 84 % of the total; there seems therefore no reason to doubt the 
peptide nature of the digestion product. 
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THE sulphur-containing peptide glutathione was first isolated by Hopkins 
[1921] in a non-crystalline form. He showed that it contained cysteine and 
glutamic acid, and the analytical figures seemed to indicate that it was a 
dipeptide containing those two amino-acids alone. Like cysteine itself, the 
substance in neutral aqueous solution rapidly absorbed oxygen, becoming 
converted into the oxidised or disulphide form. Hopkins showed that this 
disulphide form was rapidly reduced back to the sulphydryl form by animal 
tissues, so that it seemed clear that part of the oxygen normally absorbed by 
the respiring tissues was being utilised by the glutathione system. 

While the nature of the tissue systems which reduce the disulphide group is 
not yet clear, the reduction is due in part, as Hopkins and Dixon [1922] 
showed, to factors which are not destroyed by heating the tissue to 100°. If 
for instance fresh muscle was minced, thoroughly extracted with water, heated 
to 100° and finally extracted with alcohol, it was found that the resulting 
“thermostable preparation” was still able vigorously to reduce oxidised 
glutathione. An aqueous suspension of such a preparation was unable to 
absorb oxygen, but on the addition of a little disulphide-glutathione (which of 
course takes up no oxygen by itself) an oxygen uptake was at once established. 
It was shown that the reduction of the disulphide group was due to “fixed 
—SH groups,” 7.e. sulphydryl groups, apparently forming part of the protein 
structure, which were not soluble in water and which were unable to react 
directly with oxygen (or methylene blue). These groups became oxidised by 
reducing the added disulphide, and the reduced glutathione formed then 
reacted with the oxygen. 

The work of Warburg and Sakuma [1923] showed that the apparent autoxi- 
dation of cysteine was in fact due to small traces of catalytic metals (iron or 
copper) present as impurities. They showed that absolutely metal-free cysteine 
solutions absorbed oxygen cnly at a negligible rate, that the addition of a trace 
of ferrous salt to cysteine enormously accelerated its oxidation, and that its 
oxygen uptake was abolished by adding a little HCN, which inactivated the 
metals. These observations were confirmed and extended to glutathione by 
Harrison [1924], who showed that haematin compounds were also catalytically 


1 A brief account of some of the main points of this work was communicated to Nature, Oct. 5, 
1929. 














PROPERTIES OF GLUTATHIONE 473 


active. These facts did not, however, seriously affect the position as far as the 
biological action of glutathione was concerned, as in any case the tissues 
contained the iron necessary to make the glutathione autoxidisable. 

The “thermostable system” was later studied in greater detail by Hopkins 
[1925], who showed that the total amount of disulphide which could be reduced 
per gram of tissue preparation was equivalent to the fixed —SH groups therein, 
as also was the total amount of methylene blue reduced by the tissue in 
presence of a little oxidised glutathione. The amount of oxygen taken up by 
the system was, however, much larger, amounting to several times the equi- 
valent of the —SH groups originally present. The extra oxygen thus taken up 
was in fact utilised by the system for oxidation of the proteins present. The 
mechanism of this protein oxidation is not yet clear, but it appeared to be 
linked in some way with the oxidation of the sulphydryl group of glutathione, 
and it was thus dependent ultimately upon the fixed —SH groups, which 
maintained the glutathione in its reduced form. When these became exhausted 
all oxygen uptake ceased. Other proteins containing —SH groups (e.g. 
denatured egg-albumin) were also oxidised by glutathione, but proteins with 
no —SH groups (e.g. natural egg-albumin) were not. 

Hopkins also showed that the sulphydryl form of glutathione (though not 
its disulphide form) strongly catalysed the autoxidation of unsaturated fats 
and fatty acids, particularly in acid solution. The phenomena observed were 
complex [Hopkins, 1925; Allott, 1927], and the mechanism of the catalysis 
is still unknown. It is clear, however, that the process is of a different nature 
from those described above, since the oxidation was shown not to depend upon 
the oxidation of the reduced glutathione, and indeed to occur equally well 
under conditions where glutathione is not autoxidisable. The system did not 
reduce methylene blue. 

At this time glutathione was still thought to be a dipeptide of cysteine and 
glutamic acid. Later, however, Hunter and Eagles [1927] threw some doubt 
on this structure, and suggested that serine might also be a constituent of the 
molecule. Johnson and Voegtlin [1927] later published an apparent con- 
firmation of the original view of Hopkins, who, however, reinvestigated the 
matter, and succeeded [Hopkins, 1929] in finding an elegant method for the 
ready isolation of glutathione in the pure crystalline state. He then found that 
the sibstance was a tripeptide containing cysteine, glycine and glutamic acid 
in equivalent amounts. Shortly afterwards Kendall, McKenzie and Mason 
[1929], working quite independently, also succeeded in obtaining crystalline 
glutathione, and showing that it was a tripeptide composed of those amino- 
acids. 

This work showed that the earlier preparations of glutathione, with which 
all the work on oxidation catalysis had been carried out, were in fact impure, 
although they undoubtedly contained a large proportion of the tripeptide. The 
analytical figures make it probable that they contained free cysteine in ad- 
dition. In view of these facts it was necessary that previous work on the 
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catalysis of oxidations by glutathione should be reinvestigated with the pure 
crystalline material. The results cf such an investigation are given in the 
present paper. It was soon evident that in several respects the behaviour of 
crystalline glutathione is very different from that of the earlier preparations, 
and the study of these differences has yielded results which we believe will be 
of importance in the elucidation of the glutathione problem. 


EXPERIMENTAL. 


The oxygen uptakes were measured in Barcroft manometers as modified 
by Dixon and Elliott (private communication). The total volume of liquid 
in each flask was always 3 cc. Any CO, formed was absorbed by KOH solution. 
Metal-free water and buffer solutions were used throughout, and the vessels were 
carefully freed from metals with acid and washed with pure water before use. 

The crystalline glutathione was made from yeast by the method of Hop- 
kins [1929]. Nitrogen and sulphur determinations corresponded excellently 
with the theoretical values for the tripeptide formula. Several different 
preparations were used, and all behaved in the same way. 

The (lipin-free) thermostable tissue preparations were made by the method 
of Hopkins [1925], 


Oxygen uptake of glutathione in aqueous solution. 
The crystalline glutathione, like the older preparations, absorbs oxygen 
when shaken in air in phosphate buffer or water at p, 7-6. The total amount 
of oxygen taken up corresponds with that calculated on the basis of the 


equation 


4GSH + 0, = 2G88G + 2H,0. 


For example, in eight consistent determinations of total oxygen uptake under 
these conditions the mean value found was 99 % of the theoretical. The rate 
of absorption of oxygen at p,, 7-6 and 20° is about 30 mm.? per 5 mg. gluta- 
thione per hour. This is definitely lower than that of most of the older pre- 
parations, and varies much less from one preparation to another than was the 
case with them. 

Its oxidation is strongly inhibited by M/1000 cyanide, and completely 
prevented by M/100 KCN. The oxidation is therefore presumably due to the 
presence of traces of catalytic metals, as in the case of cysteine. 

There is, however, one respect in which crystalline glutathione differs com- 
pletely in behaviour from cysteine (and from the earlier preparations of gluta- 
thione). Whereas the addition of a trace of iron or copper salt greatly accelerates 
the uptake of oxygen by cysteine or impure glutathione, the oxidation of 
crystalline glutathione is not accelerated at all by the addition of iron or copper 
at py 7-6, or by haematin in low concentration. Therefore the catalytic metal 
cannot be the limiting factor in the oxidation of the new tripeptide prepara- 
tions. In Fig. 1 is shown the effect on the oxidation of old and new glutathione 
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preparations of adding 0-001 mg. of iron. It will be seen that, whereas the rate 
of oxygen uptake in the first 20 minutes has been doubled by the metal in the 
case of the impure glutathione, that of the crystalline preparation is quite un- 
affected. The addition of this amount of iron to cysteine would, according to 
Warburg and Sakuma’s [1923] figures, produce an additional uptake of roughly 
100 mm.? O, per hour, which is of the same order as the effect with the impure 
glutathione. 

The absence of any accelerating effect with pure glutathione is the more 
remarkable in that quite large amounts of iron can be added without producing 
the slightest acceleration: the oxidation still proceeds at its original slow rate 
under conditions where the velocity of oxygen uptake by cysteine or impure 
glutathione becomes relatively enormous. 
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Fig. 1. Fig. 2. 


ig. 1. Effect of iron on autoxidation of impure and crystalline glutathione. A, 5 mg. old gluta- 
thione + 0-001 mg. Fe; B, 5 mg. old glutathione; C, 5 mg. crystalline glutathione + 0-001 mg. 
Fe; D, 5 mg. crystalline glutathione. All in 3 cc. phosphate buffer py 7-6 at 18°. 


. 2. Effect of haematin on autoxidation of impure and crystalline glutathione. A, 10 mg. 
crystalline glutathione; B, 10 mg. crystalline glutathione +0-05 mg. haematin; C, 10 mg. old 
glutathione. D, 10 mg. old glutathione + 0-05 mg. haematin. All in 3 cc. phosphate buffer 
Py 7°6 at 40°. The sample of impure glutathione was different from that used for Fig. 1. 
The behaviour with haematin is also interesting. Small concentrations of 

haematin behave like free iron, having no effect on the velocity of oxidation 
of the crystalline glutathione, but accelerating that of the impure preparations, 
as shown in Fig. 2. 

With larger amounts of haematin, however, a definite acceleration is pro- 
duced (as shown later in Fig. 13), although the catalytic activity is still small 
compared with that observed with cysteine. It is not yet quite clear how these 
results are to be interpreted. 
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A further point of difference between the crystalline and impure glutathione 
is that while the latter reduces haematin at a moderate rate, pure glutathione 
is unable to do so. In two Thunberg tubes were placed 5 cc. phosphate buffer 
(py 7-6) containing 0-1 mg. haematin and 5 mg. pure and impure glutathione 
respectively. The tubes were then evacuated and allowed to stand at room 
temperature. After 10 minutes the tube containing the impure glutathione 
was opened and examined with the spectroscope after the addition of pyridine. 
Strong absorption bands of pyridine-haemochromogen were observed, in- 
dicating that reduction of the haematin had taken place. After 30 minutes 
the other tube was examined in the same way, but no trace of haemochromogen 
could be detected, showing that the pure glutathione had been quite unable to 
reduce the haematin. 

It is clear from the results previously given that although the oxidation 
of glutathione is due to catalysis by metals (and further evidence for this is 
given below) the slowness of the oxidation of the crystalline preparations is 
not due to any lack of catalytic metals, and the rate of oxidation must be 
determined by some other factor. The facts seem most readily explained by 
the assumption that the active catalyst is not the metal itself, but a complex 
of the metal with some other substance present in traces in the glutathione. 
The free metal ions are clearly catalytically inactive in the oxidation of gluta- 
thione, and they are unable to form active complexes with the glutathione 
itself. (In most other iron-catalysed reactions it is generally supposed that the 
catalyst is an iron complex, and not free iron; for instance in the oxidation of 
cysteine the catalyst is a complex of iron with cysteine itself.) The oxidation 
then would depend on the co-operation of two factors—the metal, and the 
complex-forming substance. On this assumption, which was fully justified by 
later work, the slow rate of oxidation of the crystalline preparations is due to 
the very small amount of the complex-forming factor present in these pre- 
parations—even smaller than the amount of catalytic metals. This is therefore 
the limiting factor in this case, and the addition of further amounts of metals 
will have no effect on the velocity. With the impure glutathione preparations, 
on the other hand, where the extra substance is present in very much larger 
amount, the amount of metal will probably be small in comparison, and will 
become the limiting factor. In this case any extra metal added will be con- 
verted into the active complex, and the velocity will be increased. 

In order to test this hypothesis we attempted to free glutathione from the 
catalytic impurity by recrystallisation. A sample of crystalline glutathione 
was recrystallised several times from water; and after this treatment it was 
found that the rate of oxygen uptake had fallen to a little over half that of the 
original preparation. (No oxidation of the glutathione had taken place during 
the recrystallisation, as the py, was of course acid throughout, and it was 
carried out in evacuated vessels.) As metal-free water and vessels had been 
used in the recrystallisation it seemed possible at first that the diminished 
velocity was due to a diminution of the iron-content. The addition of iron to 
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the solution had, however, no effect on the velocity, as shown in Fig. 3, so that 
the effect was clearly not due to the removal of iron. This experiment, while 
affording evidence of the removal of some factor (other than iron) upon which 
the reaction depends, showed that recrystallisation was not a satisfactory 
method for its removal. 

Experiments were also carried out to determine whether the substance 
could be removed by adsorption methods. In preliminary experiments we 
found that, although substances such as cellulose or kieselguhr have no effect 
on the oxidation, the addition of kaolin to a solution of crystalline glutathione 
completely abolishes the oxygen uptake. This effect is, however, merely due 
to the removal of metals by adsorption on the kaolin, since the addition of 
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Fig. 3. Effect of recrystallisation. A, 3-5 mg. crystalline glutathione; B, 3-5 mg. recrystallised 
glutathione. In phosphate buffer at 20°. 0-0005 mg. iron added to B at arrow. 


Fig. 4. Removal of iron by kaolin. A, 5 mg. crystalline glutathione; B, 5 mg. crystalline gluta- 
thione +0-1 g. kieselguhr; C, 5 mg. crystalline glutathione +0-1 g. filter paper; D, 5 mg. 
crystalline glutathione +0-1 g. kaolin at 21°. 0-002 mg. Fe (as FeSO,) added to D at first 
arrow. 0-1 g. more kaolin added at second arrow. 


iron to the filtrate restores the rate of oxygen uptake to precisely its original 
value. From the experiment shown in Fig. 4, it can be seen that the reaction 
is catalysed by iron, that the added iron is removed by kaolin, and that kaolin 
inactivates the glutathione merely by adsorbing metals and does not adsorb 
the other factor, since the velocity returns to its original value on restoring 
iron to the system. 

Treatment with kaolin therefore provides a very simple and convenient 
method for obtaining glutathione completely free from catalytic metals. All 
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that is necessary is to add kaolin to the solution, shake gently for a short time, 
and filter. Kaolin does not, however, inactivate either cysteine or the earlier 


then followed as before. 
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tathione preparations (see Fig. 5), for reasons which will be discussed later. 
With adsorbents of this nature we were unable to remove the auxiliary 
alytic factor, but with certain adsorbents of a more biological nature we 


were completely successful in doing so. As, however, these experiments are 
closely connected with those on the behaviour of the tripeptide towards tissue 
systems, they will be dealt with in the following section. 
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ig. 5. Effect of kaolin on cysteine and on impure glutathione. A, 4 mg. old glutathione; B, 4 mg. 


old glutathione + 0-1 g. kaolin. In phosphate buffer at 40°. C, 5 mg. cysteine; D, 5 mg. 
cysteine + 0-1 g. kaolin. In phosphate buffer at 20°. 


6. Action of oxidised forms of old and new glutathione on thermostable tissue preparation. 
A, 4 mg. old oxidised glutathione + 0-2 g. muscle preparation; B, 4 mg. oxidised crystalline 
glutathione + 0-2 g. muscle preparation. In 3 cc. water at py 7-6 and 20°. In this and all 
other experiments the tissue was added to both flasks of the apparatus in order to eliminate 
the effect of any slight uptake by the tissue itself. The glutathione was of course added to the 
right-hand flask only. 


Behaviour of glutathione towards tissue systems. 


When the older preparations of glutathione, in either the reduced or the 
lised form, were added to thermostable muscle preparations at py, 7-6 a 


large oxygen uptake resulted. In the case of the reduced form, the oxygen 
uptake was considerably greater than that given by the glutathione alone, 
owing to the simultaneous oxidation of protein. With the oxidised form, 
which of course gave no uptake in the absence of the tissue, the disulphide 
group was reduced by the —SH groups of the protein, and the oxygen uptake 
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Our first step in testing the behaviour of crystalline glutathione towards 
the thermostable system was to make certain that its oxidised form was 
capable of being reduced by the fixed —SH groups. For this purpose a solution 
of crystalline tripeptide in phosphate buffer was allowed to oxidise until it no 
longer gave a nitroprusside test. The resulting solution of oxidised glutathione 
was then added to a suspension of the muscle powder, allowed to stand for 
a short time, and then filtered. The filtrate gave a strong nitroprusside reaction, 
showing that pure oxidised glutathione, like the old, is readily reduced by the 
tissue powder. 

In spite of this, however, the new glutathione shows a remarkable and 
complete difference in behaviour from the old; for on adding pure oxidised 
glutathione to the muscle powder not the slightest absorption of oxygen 
follows, although with the same muscle preparation the addition of the impure 
oxidised glutathione produces a large oxygen uptake. The results of a typical 
experiment are shown in Fig. 6. 

It follows from this and similar experiments that pure glutathione is 
unable to bring about the oxidation of proteins. Moreover, since the tissue can 
reduce the glutathione it follows that reduced glutathione itself cannot oxidise 
in the presence of the muscle. 

Yet more striking is the result when reduced crystalline glutathione is 
added to muscle powder. Not only is the tissue preparation itself not oxidised, 
but the oxidation of the glutathione is itself prevented by the presence of the 
tissue. The sulphydry] group of the tripeptide is in fact quickly rendered stable 
to oxygen by the muscle powder. During the first few minutes a small oxygen 
uptake is sometimes observed, as the stabilisation is not quite instantaneous, 
but this ceases almost immediately, and the system can then be kept for long 
periods of time without undergoing oxidation. The total oxygen uptake in any 
case is never greater than a very small fraction of that needed to oxidise the 
sulphydryl form to the disulphide. The experiment shown in Fig. 7 is typical 
of a large number of observations. For instance, out of 18 similar experiments 
with various preparations of tissue and of crystalline glutathione 14 showed 
rates of uptake (after the first few minutes) between 0 and 1 mm.? per hour 
and the remaining 4 varied between 1 and 4 mm.* per hour. The inactivation 
of the glutathione is therefore remarkably complete. The contrast between the 
behaviour of crystalline and impure glutathione is shown in Fig. 10. 

After removal of the tissue by filtration the filtrate still shows no tendency 
to take up oxygen, as seen in Fig. 8. Nevertheless titration with iodine shows 
that it contains practically the whole of the reduced glutathione originally 
added; that is to say, only a small amount of the glutathione is adsorbed by the 
tissue. 

200 mg. crystalline glutathione were dissolved in 60 cc. water and adjusted 
to py 7:6. 2 cc. of this were titrated with iodine (roughly N/100) using starch 
indicator. 2-57 cc. iodine were required. 2-5 g. thermostable muscle powder 


= 


were then added to the solution, which was stirred for about an hour. After 
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Fig. 7. Fig. 8. 

ae Stabilisation of glutathione by thermostable tissue preparation. A, 8 mg. crystalline 

glutathione; B and C, 8 mg. crystalline glutathione + 0-2 g. muscle preparation. In water 
at Py 7-6 and 41°. 

8. Effect of impure glutathione on stabilised glutathione. A, 5 mg. crystalline glutathione; 

B, 5 mg. crystalline glutathione + 0-2 g. muscle preparation. In buffer at py 7:3 and 16°. 


At the first arrow the tissue was removed by filtration, and at the second arrow 3 mg. impure 
oxidised glutathione were added to B. 
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. 9. Effect of iron on stabilised glutathione. A, 8 mg. crystalline glutathione; B, 8 mg. crystal- 


line glutathione + 0-2 g. muscle preparation. In buffer at py 7-6 and 15°. At the first arrow 
the tissue was removed by filtration, at the second arrow 0-4 mg. Fe (as FeSO,) was added, 
and at the third arrow 4 mg. impure oxidised glutathione. 


ig. 10. Comparative experiment with crystalline and impure glutathione in presence of tissue 


preparation. A, 9-6 mg. old (reduced) glutathione; B, 9-6 mg. old (reduced) glutathione 
+ 0-2 g. muscle preparation; C, 5 mg. crystalline glutathione; D, 5 mg. crystalline gluta- 
thione + 0-2 g. muscle preparation. All in water at py 7-6 and 18°. 
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the tissue had been removed by centrifuging, 2 cc. of the solution required 
2-33 ec. of the iodine. This tissue-treated solution, which of course gave a very 
strong nitroprusside reaction, was found in the Barcroft apparatus to give a 
quite negligible oxygen uptake. 

Thus the addition of tissue powder to a solution of crystalline glutathione, 
followed after a short time by filtration, yields a solution of reduced glutathione 
which shows no tendency to undergo oxidation in air. We shall refer to gluta- 
thione which has been treated in this way as “stabilised glutathione.” 

We at first supposed that the stabilising effect of the muscle powder was 
similar to that of kaolin, and was due to the removal of metals by adsorption 
on the tissue. This is not the explanation, however, for whereas the addition 
of iron to the filtrate from the kaolin completely reactivated the glutathione, 
it had no effect upon the filtrate from the tissue, which remained quite stable 
to oxygen in the presence of even large amounts of iron or copper. Even such 
large amounts as 0-2 mg. of iron or copper have no effect. The effect of adding 
iron to stabilised glutathione is shown in Fig. 9, and precisely similar results 
were obtained with copper. 

It is therefore quite clear that the tissue does not render the glutathione 
stable to oxygen by removing catalytic metals, but acts in some other way. 
Some evidence has already been given in the previous section that iron alone 
is not able to catalyse the autoxidation of glutathione; and this is convincingly 
shown by experiments of the type just described, for it is possible in this way 
to obtain strong solutions of reduced glutathione, containing large amounts of 
iron, which yet show no tendency to autoxidise. It is clear that iron and copper 
salts are themselves catalytically inactive in the reaction and do not form 
catalytic complexes with pure glutathione. As we suggested in the previous 
section, it appears that another factor must be present in addition to the iron 
in order that complexes capable of catalysing the oxidation of glutathione may 
be formed. If this is so the most probable explanation of the stabilising action 
of the muscle powder is that it removes the additional factor from the solution 
by adsorption. Glutathione can thus be rendered incapable of autoxidation 
in two ways: by the removal of metals by treatment with kaolin, or by removal 
of the other factor by treatment with muscle powder. In the first case the 
addition of iron to the filtrate reactivates it, since the second factor is not 
removed; in the second case this is lacking and the filtrate is therefore not 
reactivated by iron. It should, however, be reactivated by the addition of 
impure glutathione, which appears to contain the factor in considerable amount, 
as stated in the last section. The marked effect of adding glutathione from an 
earlier preparation to the stabilised glutathione is shown in Figs. 8 and 9. 

The stabilised glutathione has lost not only its power to react with oxygen, 
but also its power of reducing methylene blue. (The reduction of methylene 
blue by cysteine was shown by Toda [1926] and by Harrison [1927] to be 
catalysed by metals, like the autoxidation.) The following experiment shows 
the effect of previous treatment with tissue upon the velocity of reduction. 
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A solution of crystalline glutathione in phosphate buffer, adjusted to 
Py 7-6 and containing 4 mg. glutathione per cc., was prepared. This was divided 
into two portions: one portion was stabilised by treatment with muscle powder, 
which was then removed after about ? hour by filtration; the other portion 
was meanwhile kept in an evacuated Thunberg tube to prevent oxidation. 
Equal amounts of the two solutions, together with phosphate buffer, were then 
added to two Thunberg tubes so that each tube contained 3 mg. glutathione 
in 2 ce. liquid, then 0-3 cc. of 1/5000 methylene blue was added to each, and 
the reduction-times determined at room temperature in the usual way. An 
old preparation of glutathione under these conditions gave a reduction-time 
of about 40 minutes; the crystalline glutathione reduced in about 3 hours, 
while the stabilised glutathione did not reduce in 15 hours. 

The behaviour of the —SH group of stabilised glutathione, which on our 
view is simply pure glutathione, resembles that of the fixed —SH groups of 





the thermostable preparations in being unable to react with either oxygen or 
methylene blue, even in presence of iron, and in becoming readily oxidised 
by both in the presence of impure glutathione. 

Fig. 10 shows a comparative experiment with old and new glutathione 
preparations on the same sample of tissue. It confirms the results of Hopkins’s 
experiments with the earlier preparations, and illustrates the marked difference 
in the action of the crystalline and the impure preparations. The reason for 
the failure of the tissue to stabilise the older preparations seems to be simply 
that they contain far too much of the auxiliary catalytic factor for the whole 
of it to be adsorbed by the tissue, so that the tissue becomes saturated with it 
before more than a fraction is removed from solution. Evidence for this will 
be given later. 

Both cysteine and thioglycollic acid behave like the non-crystalline gluta- 
thione preparations, as Fig. 11 shows. This is to be expected, since the tissue 
does not remove the iron from the solution, and these substances are them- 
selves capable of forming active complexes with iron. It is only those sul- 
phydryl compounds which are unable to form such complexes, and require the 
presence of another factor to activate the iron, which become stabilised. 

Since it appears that cysteine can form such complexes and glutathione 
cannot, we thought it probable that other peptides of cysteine might also be 
incapable of forming actiye metal complexes, and either be stable to oxygen or 
become stabilised by tissue. On testing glycyleysteine! we found that it 
oxidised spontaneously at a slow rate, which was practically unaffected by the 
addition of iron, and that the addition of tissue powder had exactly the same 
stabilising effect as with crystalline glutathione. This experiment is shown in 
Fig. 12. This result seems to indicate that cysteine peptides generally may 
resemble glutathione in being unable to form complexes with metals which 
are able to catalyse their oxidation. 

Chloroacetylcystine was also tested, and found to behave like pure oxidised 


1 We are much indebted to Mr N. W. Pirie for giving us a sample of this peptide. 
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glutathione, that is to say, when it was added to tissue no oxygen uptake could 
be detected, although a nitroprusside test on the filtrate showed that reduction 
of the disulphide group by the tissue had taken place. The chloroacetyl- 
cysteine formed was therefore stable to oxygen in presence of tissue. 

The action of haematin on stabilised and crystalline glutathione is very 
similar, for in both cases small amounts have no accelerating effect but large 
amounts (e.g. 0-5 mg.) definitely produce an acceleration. Fig. 13 shows the 
effect of adding a large amount of haematin to glutathione in the presence and 
absence of tissue preparation. While the inactivation is partially prevented 
by the presence of the haematin, the inhibitory effect of the tissue is still very 
marked. 
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Fig. 11. Fig. 12. 


ig. 11. Action of cysteine and thioglycollic acid on tissue preparation. A, 2 mg. cysteine + 
0-001 mg. Fe; B, 2 mg. cysteine + 0-001 mg. Fe +0-2 g. muscle preparation; C, 3 mg. thio- 
glycollic acid; D, 3 mg. thioglycollic acid + 0-2 g. muscle preparation. All in water at py 7-6 
and 16°. The oxygen-equivalents of the cysteine and thioglycollic acid respectively are in- 
dicated by the vertical lines on the right of the figure. 


. 12. Stabilisation of glycyleysteine. A, 5mg. glycyleysteine; B, 5 mg. glycyleysteine 
+0-2 g. muscle preparation. In phosphate buffer at py 7-6. At the arrow 0-001 mg. Fe was 
added. 

In further experiments on the stabilisation of glutathione by tissue pre- 
parations it was found that the p, of the solution had a considerable influence, 
for while at p,, 7-6 the stabilisation was usually complete no stabilisation at 
all could be detected at py 9-0. The presence of the tissue had in fact no effect 
on the velocity of oxidation in alkaline solution. A solution of glutathione 
which had been stabilised at py, 7-6 did not become reactivated by making it 
alkaline, so that it appears that the tissue does not adsorb the catalytic im- 
purity in alkaline solutions. The significance of this result will appear later. 
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The thermostable tissue preparation consists mainly of insoluble protein 
material, and we therefore investigated the action of other proteins upon the 
rate of oxidation of aqueous glutathione solutions, in order to see whether they 
showed the same stabilising effect as the tissue powder. It was found that 
gelatin, caseinogen and egg-albumin did not affect the rate of oxygen uptake, 
but that coagulated egg-albumin slowed it considerably. At first it appeared 
possible that the presence of a sulphydryl group in the protein molecule might 
be essential for it to exert a stabilising action, for the tissue preparations and 
coagulated egg-albumin possess sulphydryl groups, whereas gelatin, caseinogen 
and native egg-albumin do not. This was, however, shown not to be the case 
by the fact that denatured globin!, which shows no —SH reaction, stabilised 
the glutathione almost completely. It appears that the heterogeneity of the 
system is the determining factor. Some of these experiments are shown in 
Fig. 14. 
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Fig. 13. Fig. 14. 


Fig. 13. Effect of larger amounts of haematin. A, 5 mg. crystalline glutathione; B, 5 mg. crystal- 
line glutathione + 0-5 mg. haematin; C, 5 mg. crystalline glutathione + 0-2 g. muscle pre- 
paration; D, 5 mg. crystalline glutathione + 0-5 mg. haematin + 0-2 g. muscle preparation. 
Allin buffer at py 7-6 and 20°. The tissue used in this experiment had been freed from haematin 
by extraction with pyridine, followed by ether. 


Fig. 14. Effect of proteins on autoxidation of glutathione. A, 5 mg. crystalline glutathione; 
B, 5 mg. crystalline glutathione +0-04 g. gelatin; C, 5 mg. crystalline glutathione +0-2 g. 
egg-albumin; D, 5 mg. crystalline glutathione +0-2 g. denatured egg-albumin; FZ, 5 mg. 
crystalline glutathione + 0-07 g. denatured globin. All in phosphate bufier at py, 7-6 and 16°. 
From the biological point of view it was obviously important to determine 

whether fresh unheated tissues could also stabilise glutathione, or whether this 

property was restricted to tissue preparations which had been heated. It was 
possible that the power to remove the catalytic factor by adsorption had been 
conferred upon the thermostable preparations by the heat-coagulation of their 
proteins. In order to test this, fresh rat muscle was minced, well washed with 


1 We are indebted to Mr R. Hill for samples of globin prepared from horse and sheep blood. 
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tap water, and added to a solution of crystalline glutathione. The results of one 
experiment are shown in Fig. 15. In another experiment with a different rat 
a larger inhibition of oxygen uptake was obtained. The fact that contact with 
fresh tissues tends to render glutathione stable to oxygen cannot but be of 
considerable importance in connection with the mode of action of glutathione 
in vivo. 


Oxidation of unsaturated fatty acids. 


So far we have been dealing with the experiments on the oxidation of 
protein, in which the oxidation of the sulphydryl group of glutathione is in- 
volved. Hopkins also found that glutathione could catalyse the oxidation of 
unsaturated fats and fatty acids, particularly in acid solution. In this catalysis 
the oxidation of the —SH group is not involved, and there was therefore no 
reason to anticipate that the phenomena connected with stabilisation should 
affect this action. In fact the behaviour of the crystalline glutathione towards 
fats appears to be exactly the same as the non-crystalline. In Fig. 16 is shown 
a comparative experiment on linoleic acid at py, 3-5 with old and new gluta- 
thione. It will be seen that the induced oxygen uptake is the same in both 
cases. 
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Fig. 15. Fig. 16. 


Fig. 15. Inhibition of autoxidation of glutathione by washed rat’ muscle. A, 5 mg. crystalline 
glutathione + 0-001 mg. Fe; B, 5 mg. crystalline glutathione + 0-001 mg. Fe +1 g. washed 
rat muscle. In phosphate buffer at py 7-6 and 16°. The muscle and iron were added to both 
flasks of the apparatus, so as to compensate for any residual respiration. 


ig. 16. Oxidation of linoleic acid by old and new glutathione preparations. A, 8 mg. crystalline 
glutathione; B, 8 mg. impure glutathione; C, 10 mg. linoleic acid + 8 mg. crystalline gluta- 
thione; D, 10 mg. linoleic acid +8 mg. impure glutathione. All in water at py 3-5 and 39°. 
The linoleic acid was present as a fine emulsion, and it was added to both flasks of each 
apparatus C and D, in order to compensate for its spontaneous autoxidation. 


Several samples of linseed oil were also tested at py, 7-6, but with the samples 
available we obtained no oxidation either with pure or impure glutathione or 
with cysteine, thus confirming the results of Allott [1927]. 


Biochem. 1930 xxIv 
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We have not observed any differences in behaviour between the old and 
new glutathione preparations as far as the oxidation of fats is concerned. 


Nature of the catalytic impurity. Reactivation of stabilised glutathione. 

Since the catalytic substance is present in crystalline glutathione only in 
extremely small amounts (quite insufficient to affect the analytical figures) it 
is not practicable to isolate it and identify it directly. Evidence as to its nature 
must therefore mainly rest upon the comparison of its behaviour with that of 
known substances. While we cannot claim to have definitely identified the 
substance, we have obtained evidence which gives distinct indications of its 
nature; and it appears very probable that it is either free cysteine or some very 
closely related substance. Its properties correspond almost exactly with those 
of free cysteine; nevertheless certain quantitative experiments seem to show 
that its activity is somewhat greater than that of cysteine itself. 

Cysteine is known to be capable of forming active complexes with iron 
and copper, it is known to be present in considerable amounts in the older 
glutathione preparations, it is the most likely impurity to occur in the new 
glutathione preparations (since it is precipitated by the Hopkins copper 
method), and it would probably also occur in traces in preparations of other 
cysteine peptides. 

On this hypothesis then the catalyst which brings about the oxidation of 
glutathione is a cysteine-iron (or copper) complex. According to the theory of 
cysteine autoxidation recently put forward by Michaelis [1929] the oxidation 
of cysteine is due to the catalytic action of a cysteine-iron complex rather than 
of iron itself. In that case both glutathione and cysteine would be oxidised by 
the same catalyst. This would explain a fact which has hitherto been somewhat 
difficult to account for; namely, that the p,-oxidation-velocity curves for 
cysteine and (impure) glutathione (in presence of a trace of copper) have the 
same form, with a marked optimum at p,, 7-5, although the mode of ionisation 
of the two substances is different. Other sulphydryl compounds, such as thio- 
glycollic acid, show quite different curves, with no optimum in this region. 
This would seem to indicate that the catalyst is the same in both cases. 

We were first led to think that the extra catalytic factor might be cysteine 
by the following circumstance. In preparing glutathione by Hopkins’s [1929] 
method, if the final solution, obtained by the decomposition of the crystalline 
copper compound by means of H,S, is quickly concentrated in vacuo and allowed 
to crystallise after adding alcohol in the usual way, the whole of the glutathione 
is obtained as a non-deliquescent crystalline preparation, with the properties 
described in this paper. If, however, the solution is allowed to stand for a few 
hours, or the evaporation carried out slowly, the preparation obtained is only 
partially crystalline and resembles the older preparations in being deliquescent. 
Slight hydrolysis of the tripeptide appears to have taken place with the pro- 
duction of a small amount of free cysteine; as shown by the fact that the 
Sullivan [1926] test, which is negligibly weak with crystalline glutathione, 
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became definitely positive with this preparation. The products of hydrolysis 
apparently interfere with the crystallisation of the tripeptide. This preparation, 
which we shall refer to as “deliquescent glutathione,” and which we may 
repeat is obtained from the crystalline copper compound of the tripeptide, 
behaves with tissue powder quite differently from the crystalline preparations, 
but in very much the same way as the older preparations, as shown in Fig. 17. 
It appeared therefore that glutathione containing a sufficient amount of free 
cysteine to give a positive Sullivan reaction, as in the case of the older and the 
deliquescent preparations, was not stabilised by the tissue; whereas prepara- 
tions which gave a negative Sullivan reaction were stabilised. That is to say, 
where the glutathione contained more than a minute trace of cysteine the 
active factor was present in too large an amount to be removed by adsorption 
on the tissue. 
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Fig. 17. Fig. 18. 


. 17. Action of tissue preparation on crystalline and “deliquescent” glutathione. A, 7 mg. 
crystalline glutathione; B, 7 mg. crystalline glutathione + 0-2 g. muscle preparation; C, 8 mg. 
“deliquescent” glutathione; D, 8 mg. “deliquescent” glutathione + 0-2 g. muscle preparation. 
In phosphate buffer at py, 7-6 and 20°. 0-01 mg. Fe (as FeSO,) added to B at arrow. 


. 18." Action of “reactivated” glutathione on thermostable tissue preparation. A, 10 mg. 
“reactivated” glutathione; B, 10 mg. “reactivated” glutathione + 0-2 g. muscle preparation. 
In water at py 7-5 and 40°. 


This experiment suggested that crystalline glutathione which had been 
allowed to stand in aqueous solution for some time might behave similarly. 
A solution containing 100 mg. crystalline glutathione in 10 cc. water was 
accordingly allowed to stand (unneutralised) for 12 hours at 40°, after which it 
was adjusted to p, 7-5. It was then found that the solution gave a definitely 
positive Sullivan reaction, indicating that a small amount of hydrolysis had 
taken place. The oxygen uptake of this solution was accelerated by adding a 

31—2 
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trace of iron, like that of the impure glutathione, and it also behaved like the 
latter with tissue: that is to say its oxidation was not inhibited by the tissue, 
and it was able to catalyse the oxidation of the protein, as shown in Fig. 18. 
This experiment has been repeated with other crystalline preparations with 
similar results. 

These experiments show clearly that the catalytic factor can be formed from 
the pure tripeptide itself, and that its appearance is accompanied by the 
liberation of a small amount of free cysteine. 

We attempted to make use of the delicate and specific Sullivan test for free 
cysteine for the purpose of estimating colorimetrically the amounts present in 
the different preparations of glutathione, but we found that in presence of 
glutathione the development of the colour is markedly inhibited. For instance 
1 mg. of cysteine gave a strong Sullivan reaction, but 1 mg. of cysteine plus 
9 mg. of glutathione gave only a weak colour. For this reason it is difficult 
to use the Sullivan method for the estimation of small amounts of cysteine in 
glutathione preparations. It can, however, be said that there are indications 
that the strength of the reaction runs roughly parallel with the amount of 
catalytic factor present. All the older glutathione preparations tested gave 
a strong (though rather variable) test, the deliquescent preparations and such 
solutions as that used in Fig. 18 gave positive, though weaker, tests, while 
crystalline glutathione gave only a negligible colour. Attempts to obtain 
quantitative results by using a series of standards containing varying amounts 
of cysteine and glutathione were not very successful, but appeared to show that 
between 1 and 5 % of the total sulphydry] in the solutions used in Fig. 18 was 
present as free cysteine. 

We may mention here that the addition of ferric chloride to the impure 
glutathione produces the transient blue colour characteristic of cysteine, while 
with crystalline glutathione or with glycylcysteine no blue colour is produced, 
and only a pale olive tint remains. 

In order that the hypothesis that the catalytic substance is cysteine may 
be tenable, the following points must be verified. (1) A mixture of crystalline 
glutathione with a small proportion of cysteine must behave like the non- 
crystalline glutathione preparations. (2) The thermostable muscle powder 
must be capable of removing small amounts of cysteine from solution by 
adsorption. (3) The addition of cysteine to stabilised glutathione must 
reactivate it. 

All these points have been verified by experiment. 

Fig. 19 shows that the addition of cysteine to crystalline glutathione pre- 
vents the latter from being inactivated by the tissue; and the large effect of 
adding small quantities of cysteine to reduced or oxidised glutathione is 
illustrated in Fig. 20. 

The presence of phosphate tends to prevent the oxidation of protein [see 
Hopkins, 1925], but Fig. 21, which gives an experiment carried out in the 
absence of phosphate, shows that extended oxygen uptakes with oxidation of 
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protein can be obtained on adding a trace of cysteine to the crystalliné gluta- 
thione. 

With regard to the second point, when very small amounts (less than 
0-1 mg.) of cysteine are added to 0-2 g. of muscle powder at p,, 7-6 no oxygen 
uptake is produced. On filtering off the tissue, the liquid is found to give no 


120 














Oxygen absorbed (mm.?) 








40 60 
Minutes 


Fig. 19. Prevention of stabilisation by presence of cysteine. A, 5 mg. crystalline glutathione; 
B, 5 mg. crystalline glutathione +,0-2 g. muscle preparation; C, 5 mg. crystalline glutathione 
+1 mg. cysteine; D, 5 mg. crystalline glutathione + 0-2 g. muscle preparation +1 mg. 
cysteine. In phosphate buffer at pj 7-6 and 20°. The cysteine and muscle were added to both 
flasks of the apparatus. The uptake of the cysteine itself is therefore eliminated from the 
curves. 
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ig. 20. Effect of addition of a trace of cysteine to pure reduced and oxidised glutathione. 
A, 0-1 mg. cysteine + 0-3 g. muscle preparation; B, 5 mg. crystalline glutathione + 0-1 mg. 
cysteine + 0-3 g. muscle preparation; C, 5 mg. oxidised crystalline glutathione + 0-2 g. muscle 
preparation; D, 0-1 mg. cysteine + 0-2 g. muscle preparation; Z, 5 mg. oxidised crystalline 
glutathione + 0-1 mg. cysteine + 0-2 g. muscle preparation. In phosphate buffer at py 7:6 
and 40°. The oxygen equivalent of the cysteine added is indicated by the vertical line on the 
right of the figure. 


nitroprusside reaction, even after adding cyanide to reduce any cysteine which 
may have been formed. The cystine has in fact been completely removed 


from the solution by adsorption on the tissue. This does not occur, however, 
in alkaline solutions: at p, 9 the tissue does not adsorb the cysteine. Thus 





490 N. U. MELDRUM AND M. DIXON 


under conditions where the muscle powder adsorbs cysteine it is capable of 
stabilising glutathione, and under other conditions, where it cannot stabilise 
glutathione, it does not adsorb cysteine. 

Moreover the muscle powder may be rendered incapable of adsorbing 
cysteine by previously exposing it to excess of cysteine so as to saturate it, and 
then removing the free cysteine by very thorough washing with water. After 
this treatment the tissue was incapable of stabilising glutathione. 
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Fig. 21. Oxidation of protein by crystalline glutathione in presence of small amounts of cysteine. 
A, 5 mg. crystalline glutathione; B, 5 mg. crystalline glutathione + 0-2 g. muscle preparation; 
C, 5 mg. crystalline glutathione + 0-2 g. muscle preparation + 0-25 mg. cysteine; D, 5 mg. 
crystalline glutathione + 0-2 g. muscle preparation + 1 mg. cysteine. In water at py 7-6 and 
18°. The cysteine was added to both flasks in C and D. The vertical lines indicate the oxygen 
equivalent of the amounts of cysteine added. 


Another point of interest is that in the presence of excess of glutathione 
the tissue seems to have much less power of adsorbing cysteine. This is possibly 
because it can adsorb both compounds so that in presence of an excess of gluta- 
thione the surface would be mainly saturated with this and little cysteine 
would be adsorbed. Fig. 22 illustrates this point. Neither the cysteine nor the 


glutathione separately gave any oxygen uptake in presence of the tissue: the 
cysteine because it was present in sufficiently small quantity to be completely . 
adsorbed by the tissue, the glutathione because it became stabilised by the 
tissue in the usual way. When both were present together, however, a con- 


siderable oxygen uptake was produced. 

With regard to the third point, the addition of a trace of cysteine to 
stabilised glutathione (after the tissue has been filtered off) restores the power 
to take up oxygen. The effect of adding different amounts of cysteine is shown 
in Fig. 23. 

All the evidence given hitherto in this section seems to indicate that the 
impurity necessary for the oxidation of glutathione is cysteine. The fact that 
kaolin removes the catalytic iron from glutathione preparations but not from 
cysteine might be thought to be evidence to the contrary, since this view 
supposes that the active iron is present in both cases as a complex with cysteine. 
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But the difference is easily understood if we assume that the complex is partly 
dissociated into free iron and cysteine, and that the kaolin only adsorbs free 
iron. For in accordance with the principle of mass action the amount of free 
iron will decrease as the cysteine concentration increases; so that in the gluta- 
thione solutions, where the cysteine is present only in traces, the kaolin may 
be able to remove practically the whole of the iron, while in the cysteine 
solutions the concentration of free iron will be negligible, and therefore very 
little will be adsorbed. 
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Fig. 22. Fig. 23. 

Fig. 22. Effect of very small amounts of cysteine. A, 5 mg. crystalline glutathione + 0-2 g. 
muscle preparation; B, 0-05 mg. cysteine + 0-2 g. muscle preparation; C, 5 mg. crystallize 
glutathione + 0-2 g. muscle preparation + 0-05 mg. cysteine. In water at py 7-6 and 40°. The 
oxygen-equivalent of the cysteine added was about 2 mm.* It was found that in the absence 
of the glutathione the tissue completely adsorbed the cysteine. 


Fig. 23. Effect of addition of cysteine to stabilised glutathione. A solution of stabilised gluta- 
thione was prepared by treatment with thermostable preparation, followed by filtration. 
Various amounts of cysteine were then added to the filtrate as follows: A, 2 mg. stabilised 
glutathione + 0-001 mg. Fe; B, 2 mg. stabilised glutathione + 0-001 mg. Fe + 0-1 mg. 
cysteine; C, 2 mg. stabilised glutathione + 0-001 mg. Fe + 0-2 mg. cysteine. In phosphate 
buffer at py 7-6 and 20°. The cysteine and iron were added to both flasks of the apparatus. 


Quantitative experiments seem to show that while cysteine (together with 
iron)-can act as catalyst in the oxidation of glutathione, its activity is somewhat 
less than that of the active substance present in solutions of the crystalline, 
“deliquescent” and “reactivated” glutathiones. The results given in Fig. 23 
show that the presence of 5 °% of free cysteine in the glutathione would account 
for an oxygen uptake of about 50 mm.? per hour for 5 mg. of glutathione. Now 
the rate of oxidation of crystalline glutathione under similar conditions is 
about 30 mm.° per hour per 5 mg. If this oxidation were due to the presence 
of cysteine, crystalline glutathione must contain 3% of free cysteine. This, 
however, does not seem possible. The limits of error of the analytical figures 
would only permit of the presence of 0-5 % of free cysteine at most (assuming, 








49% 


however, that cysteine is the only impurity present), and an even smaller 
amount than 0-5 % could have been detected by the Sullivan reaction in spite 
of the inhibitory effect of the glutathione. Similar reasoning shows that the 
“deliquescent”’ glutathione used in the experiment of Fig. 17 would have to 
of free cysteine, whereas the Sullivan reaction indicated 
that not more than about 1 % was present. Added cysteine therefore hardly 
seems to be sufficiently active. 

Nevertheless in view of the somewhat complicated nature of the reactions 


contain about 8 


involved we do not feel justified in claiming that these considerations are 


conclusive. 


We consider that the experiments given in this paper show that pure 
glutathione is not appreciably autoxidisable, even in presence of iron. 

There are four possible interpretations of the effect of the muscle powder 
in preventing the oxidation of glutathione. (1) The tissue may remove the 
necessary iron by adsorption. (2) Some substance which inhibits the catalytic 
action of the iron may pass into the solution from the tissue. (3) The gluta- 
thione may be converted into a non-autoxidisable isomeric modification, the 
tissue acting as a catalyst in the process. (4) The tissue may remove from the 
solution some impurity other than iron, which co-operates with the iron in 
catalysing the oxidation. 

The first possibility is disposed of by the fact that the addition of iron after 
filtering off the tissue powder does not render glutathione autoxidisable. 

The second is made improbable in view of the very thorough extraction 
undergone by the tissue preparation. The tissue is first very thoroughly ex- 
tracted with water, then with boiling water, then with absolute alcohol for 
several hours in a Soxhlet apparatus, 
it was also extracted with pyridine and 


established. The initial velocity of oxidation in presence of tissue is not much 
below that in its absence, but it quickly falls off to a negligible value. On the 
second interpretation this period would correspond to the time taken for the 
inhibitor to diffuse out of the tissue. If therefore the tissue is allowed to remain 
in the buffer solution for say 2 hours before adding the glutathione, the in- 
hibitor should have had time to diffuse into the solution, and the stabilisation 
should now be instantaneous. Actually, however, this procedure has no effect 
on the length of time taken to attain complete stabilisation. 

The hypothesis is finally disposed of by the following consideration. In 
a series of experiments with different amounts of tissue it was found that 
0-08 g. of the tissue was required in order to stabilise 5 mg. of glutathione. 
Smaller amounts of tissue produced only a partial inhibition. On the hypo- 
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Discussion. 


and finally with ether. In some cases 
again with ether. After such treatment 
it is difficult to believe that any soluble material is left. 

This interpretation seems also to be excluded by the form of the curves. 
The stabilisation is not instantaneous, but takes a certain time to become 
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thesis that the tissue was supplying an inhibitor this would mean that that 
amount of tissue contained just enough of the inhibitor to inactivate the metals 
present. The amount of tissue used in most of our experiments, 0-2 g., would 
therefore only be able to inactivate about twice as much iron as was originally 
present in the solution. Yet after removing the tissue by filtration, many (e.g. 
1000) times this amount of iron can be added without re-establishing any 
uptake of oxygen. The second interpretation may therefore be neglected. 

In order to explain the stabilisation of glutathione by its conversion into 
an isomeric modification it would seem to be necessary to postulate some 
change involving the sulphydryl group, so that stabilised glutathione would 
not contain a free sulphydryl group. Any change not involving the sulphydryl 
group would by itself hardly be expected to prevent the autoxidation. Yet 
stabilised glutathione does not appear to have undergone any change in its 
molecule. It titrates normally with iodine, it is precipitated normally by the 
copper method, and it gives with nitroprusside a sulphydryl reaction of un- 
diminished intensity. It is true that in performing the nitroprusside test the 
solution is made alkaline with ammonia, which might produce a tautomeric 
change; but we found that this treatment did not reactivate stabilised gluta- 
thione in the least. Moreover on this view the tissue powder would be acting 
as a catalyst for the change, and the rate of stabilisation should vary with the 
amount of tissue present. Actually the time taken to reach stabilisation is 
independent of the amount of tissue within wide limits. And finally this 
hypothesis provides no explanation of the reactivation of the stabilised gluta- 
thione by the addition of a little impure glutathione or cysteine. 

According to the remaining hypothesis the tissue removes some substance 
which, in co-operation with iron, is responsible for the catalysis. It has been 
clearly shown that iron alone cannot catalyse the oxidation of the cysteine 
peptides, neither can it form active complexes with them. Nevertheless that 
the oxidation depends upon the action of iron is shown by the experiments 
with kaolin. We are therefore compelled to assume that the active catalyst 
is a complex of iron with some other impurity, in the absence of which gluta- 
thione would be stable to oxygen, even in presence of iron. Several lines of 
evidence have been shown in this paper to converge in support of this view, 
and it appears to provide an adequate explanation of the facts. 

The fact that iron and copper can form active complexes with cysteine but 
not with the cysteine peptides is of importance in connection with theories of 
oxidation-catalysis by iron. It appears that the amino-group of cysteine must 
be left free in order that active complexes with iron may be formed. 

With regard to the nature of the impurity in crystalline glutathione which 
forms active complexes with iron, we can only say that its behaviour is similar 
to that of free cysteine. The identity of the impurity in these preparations is 
perhaps not a matter of very great consequence. In any case cysteine is capable 
of acting in such a way, and there can be little doubt that in the work done on 
the autoxidation of the older glutathione preparations (as for instance that of 
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Dixon and Tunnicliffe [1923], Harrison [1924], Dixon [1928]) the effects were 
due to the presence of cysteine, as also in the case of the oxidations of proteins 
studied by Hopkins [1925]. 

We do not picture the cysteine impurity as acting by the alternate oxida- 
tion and reduction of its sulphur group, but merely as converting the iron into 
a catalytically active complex. It is the sulphur group of glutathione which 
undergoes alternate oxidation and reduction in the presence of tissue, the 
ferrocysteine catalysing the reaction between glutathione and oxygen. 

The question now arises as to how glutathione is oxidised in the tissues. 
The following possibilities must be considered. (1) Autoxidation catalysed by 
ferrocysteine or similar complexes. (2) Autoxidation catalysed by haematin. 
(3) Oxidation by means of the cytochrome system. (4) Oxidation by hydrogen 
peroxide, either directly, or indirectly as suggested by Szent-Gyérgyi [1928]. 

The first method seems to be the most probable. It does not seem to be 
definitely known at present whether the tissues contain free cysteine in appre- 
ciable quantities or not, but it seems quite probable that sufficient amounts 
would be present to account for the oxidation. 

We have shown that small amounts of haematin do not affect the autoxida- 
tion, and it seems questionable whether sufficient haematin is present in the 
cells to catalyse the reaction. 

Keilin [1930] has shown that cysteine is very rapidly oxidised by the cyto- 
chrome—indophenol oxidase system, with uptake of oxygen, and it might be 


expected that glutathione would be oxidised by the same system. Dr Keilin 
has kindly allowed us to state, however, that he has found that crystalline 
glutathione is not oxidised by this system, and that it reduces cytochrome only 
with extreme slowness (cf. our results on haematin given previously). 
Further work is at present being carried out on the possibility of oxidation 


by hydrogen peroxide. 
With the data at present available no final statement can be made with 
regard to the mode of oxidation of glutathione in the tissues. 


SUMMARY. 

1. Previous work on oxidation-catalysis by glutathione, in which impure 
preparations were used, has been repeated with crystalline glutathione. Some 
significant differences in behaviour have been found. 

2. Solutions of crystalline glutathione absorb oxygen at the comparatively 
slow rate of about 30 mm.? per hour per 5 mg. glutathione (at py 7-6 and 20°). 

3. As in the case of cysteine, this oxidation is due to the presence of traces 
of catalytic metals. These can be removed by adsorption on kaolin. The re- 
sulting solutions do not absorb oxygen, but are reactivated by the addition of 
a trace of iron, which brings back the autoxidation to its original rate. Cysteine 
is not inactivated by kaolin. 

4. The autoxidation of solutions of crystalline glutathione, unlike that of 
cysteine, is not accelerated by the addition of iron. 
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5. Evidence has been obtained that the autoxidation of glutathione 
depends on the co-operation of two factors, present in traces as impurities in 
the glutathione preparations; namely, iron (or copper), and some substance 
able to form catalytically active complexes with metals. With crystalline 
glutathione the rate of oxidation is limited by the amount of the second factor 
present, and not by the iron. 

6. Crystalline glutathione, unlike the earlier preparations, produces no 
oxygen uptake when added to “thermostable tissue preparations.” When the 
disulphide form is added it becomes reduced by the tissue, but no oxygen 
uptake results. When the sulphydryl form is added not only does it fail to 
oxidise the protein, but its own autoxidation is completely inhibited. 

7. This inhibition is not due to the removal of catalytic metals, as with 
kaolin; for, on filtering off the tissue, solutions of reduced glutathione are 
obtained which are unable to react with oxygen (or methylene blue) even after 
the addition of iron or copper. They are, however, reactivated by the addition 
of a small amount of impure glutathione. 

8. It is probable that the tissue inactivates the glutathione by removing 
the impurity which forms active complexes with metals. Free iron and copper 
are catalytically inactive in the oxidation of glutathione, and glutathione is 
unable to form active complexes with them. It follows that pure reduced 
glutathione is not autoxidisable, even in presence of iron or copper. 

9. Other peptides of cysteine behave in a similar way to glutathione. 

10. Certain other proteins behave like the “thermostable preparations” 
in inactivating glutathione. The oxidation of glutathione is also inhibited by 
fresh washed muscle. 

11. Evidence is given that the catalytic substance, other than metals, 
concerned in the oxidation of glutathione can be formed, under certain con- 
ditions, from the glutathione molecule itself. 

12. A mixture of crystalline glutathione and free cysteine behaves in the 
same way as the earlier glutathione preparations. 

13. While the properties of the catalytic impurity in the glutathione pre- 
parations can be very closely imitated by free cysteine, quantitative experi- 
ments do not altogether support the view that this substance is cysteine itself. 

14. In the oxidation of unsaturated fatty acids crystalline glutathione 
shows the same catalytic power as the earlier preparations. 


We wish to acknowledge our indebtedness to Sir F. G. Hopkins, for 
his kind advice and criticism. One of us (N. U. M.) was in receipt of grants 
from the Carnegie Research Board and the Department of Scientific and 


Industrial Research. 
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LVII. FURTHER EXPERIMENTS ON CANCER- 
PRODUCING SUBSTANCES. 


By ERNEST LAURENCE KENNAWAY. 
From the Cancer Hospital Research Institute, London. 


(Received March 3rd, 1930.) 


THE carcinogenic factor in gas-works tar is known to be present in the higher- 
boiling fractions. A list has been compiled [Kennaway, 1924, 1] of the com- 
pounds known to be present in tar with boiling points above 270°, which 
temperature appeared to indicate very roughly the boundary between the 
lower-boiling non-carcinogenic, and higher-boiling fractions. The list is re- 
produced below (Table I) together with the results obtained in this laboratory 
and others [Bloch, 1922; Twort and Fulton, 1930] by application of some of 
these compounds to mice. 


Table I. Substances in tar which boil above 270°. 


Cook, Hieger Twort and 
and Kennaway Bloch [1922] Fulton [1930] 


Acenaphthene 

Fluorene 

Fluoranthene 

Anthracene . ; 
Dihydroanthracene 
Hexahydroanthracene ‘ 
B-Methylanthracene see ~ 
Phenanthrene ses ia - 
Retene oo 

Pyrene 
Chrysene 
Picene 
Truxene ts ree 
N aphthacene | aus “es ~ 
Naphthanthracene ... a under test 
Chrysogene ... 
Benzerythrene 

Crackene ane ‘ 
Diphenylene oxide .. ies under test 
B-Naphthofurane ... . 

a- and B-Naphthol.. 

a-Dimethylquinoline 

Carbazole ... 

Phenyl-p- -naphthylearbazole 

Acridine ae os 

Diphenylene sulphide 


+ and — indicate positive and negative results of application to mice. 


under test nil 35 weeks 
- - “ 


1 papilloma 


The table shows discordant results with chrysene. Chrysene (at first 1%, 
then 0-33 % suspension of Kahlbaum’s preparation in “90% benzol” at 





498 E. L. KENNAWAY 


40°) was applied here to 100 mice for 11 months with negative results [Kenna- 
way, 1924, 1], but only 5 of these were alive after 63 months. Twort and Fulton 
[1930] report 5 cancers and 10 warts in mice painted with chrysene (suspension 
in oleic acid or liquid paraffin) either alone or with other compounds; appar- 
ently they used several hundreds of mice, but they do not state the exact 
number exposed to chrysene. From the yield of tumours they conclude that 
the carcinogenic potency of chrysene, in such suspensions, must be very low. 
The negative results with some of the above substances are not very satis- 
factory, owing to their very low solubility (e.g. naphthacene, truxene, picene). 
Naphthacene, with dihydronaphthacene, was prepared by Hieger by the 
method of Gabriel and Leupold [1898]; naphthanthracene, with dihydro- 
naphthanthracene, was prepared by Cook by the method of Clar and John 
[1929]; in both cases the hydrocarbon and the partially reduced compound 


were applied together. 
SYNTHETIC CARCINOGENIC MATERIALS. 


I. Tars. 


Various attempts have been made to obtain if possible carcinogenic 
material of a nature simpler than coal tar. Isoprene, acetylene, human skin, 
yeast, and cholesterol were heated between 700° and 920°, and cancer-pro- 
ducing mixtures, some of them very active, were obtained from each one of 


these [Kennaway, 1924, 2; 1925; Kennaway and Sampson, 1928]. Human 
voluntary muscle also, heated to 926° is very effectual (4 papillomata and 
12 cancers from 100 mice in 243 days). By these methods extremely active 
tars have been prepared by Twort and Fulton [1930] from turpentine and from 


pinene. 


II. Products of the action of aluminium chloride upon tetralin. 

It was thought desirable to seek for carcinogenic compounds formed at 
lower temperatures. Accordingly the high-boiling mixture of compounds 
[Schroeter, 1920] obtained by the action of AICI, upon tetrahydronaphthalene 
(tetralin) was examined; for the sake of brevity this mixture is spoken of here 
as “Schroeter.”’ (1) 220 g. tetralin were left at 37° for 18 hours with 7-5 % by 
weight of AICl,, and then decomposed with water in the usual way. The oil 
was distilled over the free flame to remove tetralin (B.P. 204°) until the tem- 
perature in the neck was 270°; the clear viscid reddish-yellow residue was 
painted at first undiluted, later diluted with 2 vols. xylene, upon 30 mice. All 
were dead in 148 days, but one papilloma was produced, and the same material 
produced papillomata upon the ears of 2 rabbits. (2) A repetition of the ex- 
periment with two fresh batches of material prepared in the same way gave 
11 tumours (8 cancers, 3 papillomata) in 20 mice in 256 days. (3) If a larger 
proportion of AICI, (36 %) was allowed to act for a longer time (18 days) the 
product, applied at first undiluted and later diluted with an equal volume of 
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benzene, was no more active (13 cancers and 6 papillomata from 86 mice in 
292 days; the first tumour appeared on the 53rd day). (4) The residue from 
the action of 3 % AICI, for 3 hours only, after distillation to 230° in the neck, 
gave no tumours. (5) The variability of commercial tetralin caused many 
difficulties; from some samples AICI, produced little or no higher-boiling 
fraction. One of the most active preparations was made by Hieger from 
tetralin which he had converted into sulphonate and, after liberation, fraction- 
ated within very narrow limits (207-2° to 207-4°); this was then treated by 
Schroeter’s method (2 °% AICI, for 9 hours at 65°) and then distilled at 15 mm. 
in nitrogen so as to give four fractions a, b, c, d, each of which was painted in 
solution in benzene on 50 mice. The results were as follows: 

Fraction Papillomata Epitheliomata 

Up to 205° 0 

205-260° 10 

260-320° 30 

Residue 2 0 

Evidently there was a considerable concentration of active substance in 

(c); the fluorescence spectrum of this fraction has been used extensively for 
comparison (see following paper). From this, and from some other experiments 
in which undistilled material has given negative results, it seems probable that 
the carcinogenic substance is produced by the heating in distillation, or at any 
rate is so increased in amount by this heating that it is able to produce tumours 
in mice (on the minimum concentration of such substances needed to produce 


cancer see Hieger [1929]). Hence the original object of these experiments, 
ramely to produce carcinogenic substances at body temperature, may not 
have been attained. (6) Five similar series of experiments in which naphtha- 
lene, in piace of tetralin, was acted on by AICI, gave only 1 papilloma and 


1 cancer from 130 mice. 

The total yield of tumours produced by suitably prepared “Schroeter” has 
been 118 cancers and 30 papillomata from 496 mice. Further chemical and 
spectroscopic experiments are in progress upon the products from a very pure 
tetralin made by the staff of Technical Research Works, Ltd., to whom we are 
indebted for the great amount of care devoted to the preparation. 

Schroeter [1924] found in the products of the action of AICI, (2 %) upon 
tetralin (6-10 hours at 50-70°) benzene, octahydroanthracene (octhracene), 
octahydrophenanthrene (octanthrene), ¢-phenyl-5-2-tetralylbutane, and 2 : 6’- 
ditetralyl (the last two identified in the oxidised forms as a-pheny]-5-naphthyl- 
butane and 2: 2’-dinaphthyl respectively). By the further action of AICI, 
upon octhracene, he obtained material yielding octanthrene, tetralin, and 
dodecahydrotriphenylene; from this he infers the production of some com- 
pounds (phenylene-bis-octhracenylbutane, tetralyloctanthrenylbutane) not 
isolated. 

As a control upon the results obtained with “Schroeter,” 30 mice were 
painted with untreated commercial tetralin; from these, one epithelioma was 
obtained on the 132nd day. 100 mice were then painted with tetralin which 
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had been purified by treatment with NaHSO, followed by rectification between 
204° and 206°; these yielded no tumours. Commercial tetralin may contain 
as much as 20 % of decalin; 10 mice which were painted with commercial 
decalin gave only a subcutaneous melanoma such as has occurred in various 
other series [cf. Twort and Twort, 1928], but no epithelial tumours. Dialin 
likewise gave negative results. The question whether the one cancer produced 
by commercial tetralin was due to an impurity, or to a special susceptibility of 


the mouse, must remain uncertain. 


III. Products of the action of aluminium chloride upon acetylene, xylene, 

and other substances. 

Hieger (unpublished observations) condensed acetylene by treatment with 
aluminium chloride at room temperature [Baud, 1900] and painted the non- 
volatile products, extracted in a Soxhlet with boiling benzene, upon mice. The 
difficulty of obtaining the material in quantity allowed of the painting of 
30 mice only, among which 1 epithelioma and 1 cystic tumour of doubtful 
nature occurred. Thus acetylene yields carcinogenic products both (a) when 
passed through a red-hot tube, and (b) when acted upon by AICI, with exposure 
to no temperature higher than the boiling point of benzene. 

The products of the action of AIC], upon various other substances (xylene, 
cholesterol, lanolin, sebaceous material from dermoids, human skin), of which 
some had given carcinogenic tars, were tested upon mice. All these gave 
negative results except the preparation from xylene, which yielded | papilloma 
and 1 cancer in 100 mice, and a papilloma upon the ear of a rabbit. High- 
boiling compounds, including apparently methylanthracenes, have been 
obtained by the action of AICI, on xylene [Anschiitz, 1886; Moore and Egloff, 
1917]. 

CoMPOUNDS RELATED TO NAPHTHALENE. 

In view of the ease with which carcinogenic substances are obtained from 
tetralin, various compounds derived from, or closely related to, naphthalene 
were tested (Table II); all gave negative results. Most of the substances named 
in Tables II and III were applied in benzene. Many of the compounds of low 
molecular weight (e.g. phenylisocrotonic acid, cyclohexene) named in Tables II 
and III were taken, not with any expectation that they were themselves car- 
cinogenic, but with the idea that they might serve as materials for synthesis 
in the skin of the mouse; this idea being suggested especially by the instance 
mentioned above, where an epithelioma arose in a mouse painted with tetralin 
only. 

Table II. 


. Naphthalene. 7. aa-Dinaphthyl. 
Naphthoylbenzoic acid. 8. a-Phenylnaphthalene. 
B-Naphthoic acid. 9. B-2-Tetroylpropionic acid. 
Dinaphthylene dioxide. 10. y-2-Tetralylbutyric acid. 
B-Dinaphthy] ether. 11. Phenylisocrotonic acid. 
BB-Dinaphthy]l. 
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Dinaphthylene dioxide was prepared because it has been stated to be an 
impurity which imparts the yellow colour to chrysene; the evidence for this 
seems quite insufficient, but the matter was too important to be left untested. 
In addition to the two dinaphthyls, crude reduction products (made by treat- 
ment with hydriodic acid and phosphorus) from both were tested in view of the 
presence of Bf-ditetralyl in “Schroeter.” (8) was prepared by Hieger by the 
action of AIC], upon C,H;Br and C,,H, [Chattaway, 1893]. The distillates up 
to 342° containing the hydrocarbon were inactive, but the residue in the 
flask was strongly carcinogenic (6 cancers and 3 papillomata from 30 mice 
in 279 days); possibly a pyrogenous reaction had occurred producing com- 
pounds allied to those in “Schroeter.” (9) gave no tumours, but the un- 
crystallisable oil from which it separates produced in 3 mice out of 20 cystic 
dilatations of hair follicles of doubtful nature; the acid is prepared [Kroll- 
pfeiffer and Schafer, 1923] by the action of AICI, upon tetralin and succinic 
anhydride, and hence may be accompanied by some compounds similar to those 
present in “Schroeter.” 


OTHER HYDROCARBONS AND QUINONES. 


The following hydrocarbons, in addition to those named in the preceding 
tables, and quinones have been tested on mice. 


Table ITI. 


. Cyclohexane. 8. Octhracene. 

Cyclohexene, 9. Octhracenone. 

Styrene. 10. 1: 2-Benzanthracene. 
Hydrophenanthrene. 11. 1: 2-Benzanthraquinone, 
Hydrochrysene. 12. 2: 3-Tetrahydrobenzanthracene. 
Hydroretene. 13. Perylene. 

- Dodecahydrotriphenylene. 


1 

2. 
3. 
4. 
5. 
6. 
7 


All the compounds named in Table III, except (10), gave negative results. 
(2) is extremely irritating to the skin, and should produce cancer if ‘chronic 
irritation” in general were an essential factor in carcinogenesis. The three 
reduced hydrocarbons (4), (5) and (6) were made by the methods of Schmidt 
and Mezger, and Liebermann and Spiegel, which are stated to give an octa- 
hydrophenanthrene C,,H,,, a hydroretene C,,H3,, and a perhydrochrysene 
C,H 9;.none of these was isolated in the pure state. (8), which is present in 
“Schroeter,” and its quinone were made by the method of Krollpfeiffer and 
Schafer [1923]. In addition to (7), the mixture of high-boiling compounds 
remaining when diphenyl is prepared from benzene and distilled off in the 
ordinary way, which is stated to contain benzerythrene and triphenylene, was 
tested with negative result. Dipheny] itself does not produce tumours (Bloch). 
Twort and Fulton report negative results at the time of writing with triphenyl- 
ene and dodecahydrotriphenylene. In a mouse of the benzanthracene series 
(50 mice) a well-developed papilloma appeared, which however was only 
transitory; but in the light of the subsequent results with dibenzanthracenes 
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this was probably a significant observation. Perylene (for which, together 
with the phenanthrene-9-carboxylic acid required to make (10) in Table IV, 
we are indebted to the British Dyestuffs Corporation) is still under test. 

The following hydrocarbons were synthesised by the methods of Clar and 
his fellow workers [1929] and of Fieser and Dietz [1929], and applied to mice, 
10 to 20 mice being used for each substance. The selection of these compounds 
for special study was due to the spectroscopic work of Hieger, which is described 
in the following paper. 


Table IV. 


Hydrocarbon Solution 

: 2:5: 6-Dibenzanthracene. Saturated, in benzene (less than 1 %) 
: 2: 7: 8-Dibenzanthracene Saturated, in benzene (less than 2 % 
: 2:3: 4-Dibenzanthracene Saturated, in benzene (less than 1 %) 
fixture of isomers of (3), probably naph- Nearly saturated, in benzene 

tho-2’ : 3’ : 1 : 2-phenanthrene and 

naphtho-2’ : 3’ : 2 : 3-phenanthrene 
5. Naphtho-2’ : 3’ : 1 : 2-anthracene 1 % in benzene 

3. 7: 7’-Dimethyl-(naphtho-2’ : 3’ : 1 : 2-an- 1 % in benzene 

thracene) 

. Anthraceno-2’ : 1’: 1 : 2-anthracene Saturated, in xylene 

. Anthraceno-1’ : 2’: 1 : 2-anthracene Saturated, in xylene 

. 3’-Methyl-1 : 2 : 5 : 6-dibenzanthracene Saturated, in benzene (less than 0-5 %) 
. 1:2:3:4:5:6-Tribenzanthracene 0-3 % in benzene 

- 2:3:8:9-Di-[naphtho-l : 2’]-chrysene Suspensions in tetralin and in oleic acid 


1 
2 1 
el 
N 


Most of these were not highly purified, as this may require as many as 
twenty recrystallisations (Clar) involving considerable loss; but the preparations 
used should suffice to show whether the hydrocarbon in question is not 
carcinogenic. All the syntheses except that of (5), which involves a Grignard 
reaction, depend upon the action of AICI, to produce the intermediate ketone. 
(10) and (11) were prepared by J. W. Cook. The compounds, except (7), (8) 
and (11), were dissolved in benzene for painting; the concentration was not in 
all cases the same but was dependent upon the amount available, and upon the 
solubility, of the compound. Sometimes the mother-liquor of the final re- 
crystallisation was used, to economise material. (7) and (8) are very little 
soluble in lower boiling solvents, and were applied as the dilute saturated 
solutions in xylene; this is an undesirable solvent, as it produces considerable 
irritation and roughness, and occasional transient papillomata, in the skin of 
the mouse. (11), which is still more insoluble is applied in suspension in 
tetralin and in oleic acid. Some of these substances have at the time of writing 
(February, 1930) been applied to mice for a short time only. 

10 mice were painted with (2). A mouse which died on the 203rd day 
showed changes suggesting the early stages of a papilloma. On the 169th day, 
one of the 6 mice surviving bore a papilloma; the animal was killed on the 
223rd day, and the tumour was found to be clearly malignant, showing in- 
vasion of muscle over a wide area. Another mouse showed a papilloma on the 
222nd day; the tumour grew rapidly, and when the mouse was killed a month 
later showed obvious invasion of muscle. At the date of writing (252nd day), 
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of the 2 surviving mice, one bears a papilloma, the other shows no tumour. 
Thus 2 cancers and 1 papilloma have been obtained in the series of 10 mice. 
10 mice were painted with (1). On the 232nd day, 1 of the 3 mice surviving bore 
a well-developed papilloma which is growing at the present date; none of the 
others shows a tumour. (1) and (2) are almost identical in some physical 
properties, differing by about 1° in melting point. 

The preparation of (2) used for painting should be fairly pure, being ob- 
tained from the mother liquor of crystals giving a very sharp melting point 
(260-260-5°). All such results of course require confirmation with very pure 
material. The sample of (1) applied to mice was less pure than that of (2). 
These are the only instances in all the experiments described in this paper in 
which, as yet, cancers have been produced by a preparation of a fairly high 
degree of purity, for commercial tetralin, which caused one tumour, certainly 
could not be described in this way. The dibenzanthracenes can be only weak 
carcinogenic agents, for the incidence of tumours is low and the precancerous 
period long, but the result is an indication for further experiments, which are 
in progress!, Apparently neither benzanthracene nor any of its derivatives have 
been found, and perhaps have not been sought for, in coal tar, and we are at 
present examining tar, and the products of the action of AICI, upon tetralin, 
for such compounds. It is quite possible that there are, among the many com- 
pounds still undiscovered in coal tar, derivatives of benzanthracene or of 
chrysene which are far more powerfully carcinogenic than any known sub- 
stances. 

A number of new hydrocarbons (1-phenylanthracene, 2-phenylanthracene, 
3-methyl-1 : 2-benzanthracene, 10-benzyl-1 : 2-benzanthracene, 6-phenyl-1 : 2- 
benzanthracene, 9: 10-diphenyl-1 : 2-benzanthracene, acenaphthanthracene, 
10-benzylacenaphthanthracene, 4’-methyl-1 : 2: 7 : 8-dibenzanthracene, 2 : 3- 
benzo-8 : 9-[1’ : 2’-naphtho]-chrysene) have been synthesised by J. W. Cook 
in this laboratory, by methods which he will describe in the Journal of the 
Chemical Society; all these compounds are being tested on mice. 


SUMMARY. 


1. Carcinogenic products have been obtained by the action of aluminium 
chloride upon (a) acetylene, (b) xylene, (c) naphthalene, (d) naphthalene and 
bromobenzene, and (e) tetrahydronaphthalene. Of these (d) and (e), under 
the conditions described, give the most active materials. 

2. Two cancers have been obtained in a series of 10 mice painted with a 


- 


solution of a fairly pure specimen of | : 2: 7 : 8-dibenzanthracene. 


1 (Note added at correction of proof.) Two more cancers have been obtained from the mice of 
the 1:2:7:8-dibenzanthracene series; thus the last four of the 10 mice painted with this 
material have all given cancers. The experiments will be repeated with a sample of the 
hydrocarbon freed completely from yellow colouring matter. The last four of the 10 mice 
painted with impure 3’-methyl-1:2:5:6-dibenzanthracene have developed papillomata. 


32—2 
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I wish to express my indebtedness to the British Empire Cancer Campaign, 
whose grants to I. Hieger have enabled him to develop methods which have 
been essential to the experiments described here. Dr E. de Barry Barnett has 
most kindly given many valuable specimens of pure hydrocarbons for use in 
this laboratory. It is a pleasure to record the very large part that has been 
played throughout these investigations by the work of my assistant F. Goulden. 
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LVIII. THE SPECTRA OF CANCER-PRODUCING 
TARS AND OILS AND OF RELATED 
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Tus work deals with the application of optical methods to the identification 
of the cancer-producing agent present in tars and oils. The chemical separation 
of the cancer-producer will prove difficult since tars and oils are exceedingly 
complex mixtures, but the search has been narrowed by various investigations 
(see references in preceding paper) which suggest that the active agent is 
among the aromatic hydrocarbons with condensed rings. These compounds, 
represented by anthracene, possess the property of fluorescing intensely when 
exposed to ultra-violet light and the results and opinions expressed here are 
based on an examination of the fluorescence spectra and ultra-violet absorption 
spectra of several hundred substances, in part pure compounds, in part 
mixtures. 
EXPERIMENTAL. 

A quartz mercury vapour lamp (Kelvin, Bottomley and Baird) was used 
as a source of ultra-violet light. The lamp stood in an asbestos box in one side 
of which was a Wood’s glass window enclosed by a fish-tail shaped tube, 3 cm. 
in diameter. Only filtered ultra-violet light emerged from the flattened 
aperture of the tube. The solutions were examined in corked tubes of non- 
fluorescing “monax” glass 70 x 6 mm. and of egg-shell thickness. The tube 
was clamped directly in front of the fish-tail aperture so as to prevent almost 
completely the escape of the exciting radiation. The spectroscope (Hilger, 
no. E 31) was placed with its slit about 1 cm. from the fluorescence tube and 
the axis of the collimator tube made an angle of about 80° with the normal of 
the incident rays. Such an arrangement reduced the tendency for the reception 
of the spectrum of the incident light reflected from the surface of the glass tube. 
The best position for the spectroscope was found by removing the plate holder 
and placing the eye in the focal plane and at a point corresponding with the 
focussed image of the visible part of the spectrum. A disc of bluish-green 
fluorescing light suddenly comes into view when the spectroscope is very slowly 
rotated about its central axis, indicating the optimal angle. For this sort of 
photography the extremely fast panchromatic plates now available possess no 
advantage over the panchromatic plates of ordinary speed. Correct exposure, 
determined by trial, varied from 5 seconds to an hour or more. 
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It is often difficult to avoid photographing the reflected spectrum of the 
incident light especially when the exposure is prolonged; the reflections appear 
as curious parabolic blurs, or as multiple fine lines, or as heavy fogging in the 
short wave-length region of the spectra. 


Specificity of fluorescence spectra. 


Fluorescence spectra do not distinguish between some of the aliphatic meso- 
derivatives of anthracene; 9-methylanthracene and 9-benzylanthracene give 
almost identical spectra. On the other hand the spectra of aa-dinaphthyl and 
B8-dinaphthyl can be easily distinguished. This experiment indicates the 
possibility of identifying closely related isomers. Commercial diphenylmetbane 
is brightly fluorescent when appropriately excited, and its spectrum is identical 
with that of anthracene, but if diphenylmethane is synthesised in the laboratory 
the fluorescence is so faint that a 20 °% solution of this hydrocarbon is as weakly 
fluorescent as a 0-002 % solution of anthracene. Such an experiment illustrates 
the use of a method of spectrum analysis in the detection of traces of highly 
fluorescent substances in the presence of large quantities of others not, or 
weakly, fluorescent. 


Effect of substitution on fluorescence spectra. 


When anthracene is substituted in the a- or 8-position by Cl or CH, there is 
a shift of the spectrum in the direction of longer wave-length, the relative 
position of the bands and their general appearance remaining unchanged. But 
a tetramethylanthracene shows a spectrum only slightly different from that 
of the monomethy] derivative. This instance lends no support to any idea of 
proportionality between the amounts of substitution and of spectrum shift. 

When the meso-hydrogens of anthracene are substituted by aliphatic groups 
like methyl or benzyl the spectrum resembles the ordinary three-banded 
anthracene spectrum, but in the spectrum of meso-phenyl- and meso-naphthyl- 
anthracene the resemblance falls off and in meso-diphenylanthracene is gone. 
Benzene has been shown to possess fluorescence bands themselves situated in 
the ultra-violet region, and on general principles it may be justifiable to con- 
clude that the curious spectrum of 9: 10-diphenylanthracene is in part, at 
least, due to its behaviour as a compound which can be regarded as anthracene- 
substituted benzene. Some of the methylated polybenzanthracenes give 
fluorescence spectra identical with that of the parent polybenzanthracene. One 
of these is represented in Plate III (no. 278, 1: 2:5: 6-dibenzanthracene). 
Probably the disproportion in relative mass of the small methyl group and the 
large dibenzanthracene nucleus accounts for the stability of the spectrum. 


Effect of concentration, solvent, and irradiation. 


Strong and weak solutions of 9 : 10-dibenzylanthracene and 9 : 10-dimethy]- 
anthracene give slightly different spectra, but this effect has not been observed 
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with varying dilutions of other compounds where the concentrations were 
chosen at random. The concentration effect observed with these two anthra- 
cene derivatives is perhaps the result of a swamping action of one band upon 
another connected with their remarkably powerful fluorescence; one part in 
two hundred million of solvent still shows fluorescence. 

Whether the solvent has any influence on the nature of the fluorescence has 
been tested in only one case. Solutions of AICI,-treated tetralin in chloroform, 
light petroleum, and alcohol gave identical spectra. 

When the chloroform solution of AICI,-treated tetralin was exposed to 
ultra-violet light for more than about 30 minutes, the beautiful violet-blue 
fluorescence slowly changed to a pale grey-blue. Solutions of the tetralin 
preparation in light petroleum and alcohol can be irradiated for 3 hours without 
the least change in the original colour or spectrum. Fading effects are also 
observed with xylene solutions of stilbene and with a chloroform solution of 
a mixture of naphthacene and dihydronaphthacene. The fading of chloroform 
solutions led to the use of light petroleum as a more inert solvent and later to 
the use of benzene, because of the insolubility in light petroleum of some of the 
more complex hydrocarbons. 


Spectra of cancer-producing substances, and especially of that obtained 
from tetralin. 


Among the first few substances to be examined were some cancer-producing 
tars and oils, a number of which show similar bands (see Plate III). The bands 
were in position 4000, 4180, 4400 A., sharply defined on the short wave-length 
side, and grading less abruptly into the background on the long wave-length 
side. Such graded bands will be referred to as “fluted.” 

For purposes of comparison, we have found it necessary to use a pair of 
dividers to contrast or compare spectrum bands on the paper photographs 
with one another or with the standard 4000, 4180, 4400 A. bands or with the 
benzanthracene bands, the importance of which is discussed later. We have 
used the very strong 3680 Hg line as a suitable fixed wave-length from which 
measurements can be made. In Plates III and IV the photographs have been 
so arranged that the 3680 Hg lines of the spectra are in alignment. 

For the comparison of spectra on glass plates, the method used is simply 
to superimpose a test plate on the standard 4000, 4180, 4400 spectrum plate, or 
on the standard benzanthracene spectrum plate. The five variables consist of 
number and nature (fluting) of bands, absolute wave-length of bands, their 
position relative to one another and their individual intensity. 

An interesting cancer-producing substance is that obtained as the high- 
boiling fraction from the mixture resulting from the action of AICI], on com- 
mercial tetrahydronaphthalene (tetralin). This type of reaction and the study 
of the products as carcinogenic agents are described in the preceding paper. 
Tetrahydronaphthalene is allowed to react with 2 % AICI, for 9 hours at 65°, 
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the crude mixture decomposed with water, dried and fractionated. The fraction 
distilling at 260-320° at 14 mm. is a powerful cancer-producing agent even in 
concentration of only 4%. It is a clear viscid syrup, yellow or orange in 
colour, and intensely fluorescent; one part in 40 millions of ether can still be 
distinguished from pure ether. The fluorescence spectrum is very sharply 
defined and identical with the spectrum so frequently found in cancer-pro- 
ducing tars and oils. One or two of the numerous subsequent batches of the 
260-320° fraction did not give spectra exactly like the standard. One of these 
aberrant spectra was given by a fraction made from tetralin, prepared by 
Technical Research Works, Ltd., by a method which ensures that the final 
product is free from decalin; but the usual 4000, 4180, 4400 A. spectrum was 
obtained from the 260-320° fraction prepared from pure tetralin made by 
another method, namely the sulphonate separation from commercial tetralin. 
The former of these preparations is under test on mice; the latter was car- 
cinogenic. 

The possibility must be considered that the substance responsible for the 
bands may not be identical with the cancer-producer but is some closely allied 
compound, frequently, if not invariably, produced when the cancer-producer 
is formed, either by low temperature catalysis or at high temperature. The 
carcinogenic agent in tars and oils may be only one of a group of such com- 
pounds. 

The very frequent recurrence of the 4000, 4180, 4400 A. bands in carcino- 
genic agents and the delicacy and class specificity (see previous section and 
Plates III and IV) of the fluorescence test justify the use of the fluorescence 
spectrum to indicate the probability of carcinogenic activity and to assist in 
directing the preparation of appropriate hydrocarbons. The test on mice is, 
of course, necessary for conclusive proof. 

The fluted bands (4000, 4180, 4400 A.) are shown more distinctly by AICI,- 
treated tetralin [see Kennaway, 1930] than by any other cancer-producing 
substance. Now very similar bands are given by 1 : 2-benzanthracene; these 
bands also are strongly fluted and only in their absolute position in the wave- 
length scale do they differ from the 4000, 4180, 4400 A. bands. 

On generally accepted grounds one would expect that it might be possible, 
by increasing the mass of the benzanthracene molecule by suitable substitution, 
to produce a compound with a corresponding shift of the spectrum in the 
direction of increased wave-length possessing a spectrum with bands at 4000, 
4180, 4400 A. To this end a number of benzanthracene derivatives have been 
made in this laboratory; many of the new compounds have been synthesised 
by Dr J. W. Cook (see Plate III). A compound with a fluorescence 
spectrum intermediate between those of 1:2-benzanthracene and AICI,- 
treated tetralin, namely, 1 : 2: 7: 8-dibenzanthracene, has yielded 2 cancers 
in 10 mice. 

A spectrum having bands at 4000, 4180, 4400 A., has been obtained from 
the following cancer-producing materials (Plate IV). 
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The fractions in column 3 represent the ratio of tumour-bearing mice to total mice tested, 
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Table I. 


A62’” Gas works tar made at 1250° 
A62’ Gas works tar made at 450° 
85 Low temperature tar, 350° 
A48 Creosote oil 

A22 Green oil 

A32 Anthracene oil 

A21 Pitch distillate 

Alg Heated Californian petroleum 
A4 Acetylene tar 

A72 Yeast tar 

A73 Muscle tar 

A25 Cholesterol tar 

A23 Hair tar 

101 AICl,-treated tetralin 

100 1 % gas works tar 

A3 Ether extract of gas works tar 
A8 AICl,-treated naphthalene 

244 Residue from preparation of a-phenylnaphthalene 


One of the weakest of these agents was the tar made from human hair, 
which produced 2 cancers in 94 mice. The ether extract of gas works tar and 
a 1 % dilution of this (A3 and 100) were used in a quantitative study of the 
effect of dilution on cancer-producing activity [Hieger, 1929]. 101 is the 
“Schroeter” described in the preceding paper. The bands in A8 are extremely 
faint, and the materia! was feebly carcinogenic, producing 1 cancer in 50 mice. 
244 requires special mention. It was strongly carcinogenic and gives the bands 
at 4000, 4180 and 4400 A., together with another band of shorter wave-length. 

The following materials gave a diffuse spectrum covering very roughly the 
whole area 4000-4400 A. without differentiation into bands (Table II and 
Plate IV). 

Table II. 


Al4 Shale oil (blue oil) 

Al6 Refined lubricating oil 

Al8 Blast furnace tar 

A3l Unheated Californian petroleum 
A50 Pitch (medium soft) 

A62” Gas works tar 600° 

86 Spindle oil 


Of these Al4, A50, A62” and 86 are carcinogenic. A16 and Al8 were in- 
active. A31 yields when heated a strongly carcinogenic material A19 (Table 1). 

Only one material giving no bands in the region in question has produced 
a tumour, namely commercial tetralin (A6) which gave 1 cancer in 30 mice 
(see preceding paper). 

The 32 hydrocarbons of which the fluorescence spectra are shown in 
Plate III fall into three classes. 

(1) Those, 20 in number, which are still under test for carcinogenic activity. 

(2) Those which have hitherto been found to be non-carcinogenic (see 
Table I in preceding paper); namely, anthracene, phenanthrene, fluorene, 
acenaphthene, pyrene, triphenylene, B8-dinaphthyl, naphthacene and di- 
hydronaphthacene. None of these gives the bands shown by the carcinogenic 
substances in Table I. Picene (a pure specimen obtained through the kindness 
of Dr Chattaway) gives two bands with rather diffuse edges, and of shorter 
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wave-length than 4000 and 4180 A. It was tested here on 30 mice in suspension 
in dermoid oil; further tests will be made with it in other media. 

(3) Those which have given tumours. Chrysene (445) which has produced 
cancers and papillomata in the experiments of Twort and Fulton [1930], but 
not in this laboratory, gives a spectrum very similar to that of 1 : 2-benzan- 
threne, but displaced considerably towards the region of shorter wave-length. 
1: 2-Benzanthracene gave 1 transient papilloma in 50 mice. 1:2:7:8- 
Dibenzanthracene has given 2 cancers in 10 mice?; it is noteworthy that the 
spectral bands of this compound lie about half-way between those of 1 : 2- 
benzanthracene and those of AICI,-treated tetralin and the other carcinogenic 
materials. 

The following materials gave the same spectrum (Plate IV) as those in Table I, 
but did not produce cancer; 8-tetroylpropionic acid mother-liquor (A26), un- 
distilled AICI,-treated tetralin (A100), benzyl oleate (60), oleic acid (207). One 
may suggest two possible explanations for these discrepancies. (1) That the 
effect of the AICI, on tetralin is only to prepare an intermediate substance 
which is rendered carcinogenic during distillation. It would be interesting to 
see if tetralin heated (under pressure) to the temperature of distillation of the 
AICl,-treated mixture became carcinogenic. Itis conceivable that the spectrum 
(bands at 4000, 4180, 4400 A.) is produced by the precursor of the carcinogenic 
agent. (2) Since many of the derivatives of anthracene remain fluorescent 
when diluted to one part in 200 millions of solvent it is possible that the minute 
quantity of active substance present may be sufficient for the fluorescence test 
yet be well below the carcinogenic threshold. Benzyl oleate gave no tumours 
in an experiment on 20 mice, although Twort and Twort [1928] obtained 
several papillomata in mice with oleic acid. 


Absorption spectra. 


AICl,-treated tetralin showed two bands at about 3700 and 3900 A. and 
between these limits of wave-length the curve exactly followed the absorption 
curve of benzanthracene. 


SUMMARY. 


The fluorescence spectra of many cancer-producing substances show the 
same bands at wave-lengths 4000, 4180, 4400 A. These bands are remarkably 
like those of the fluorescence spectrum of 1: 2-benzanthracene, apart from 
their absolute wave-length. A study of the fluorescence spectra of a large 
number of condensed ring aromatic hydrocarbons shows that the spectrum is 
characteristic for closely related derivatives of a hydrocarbon. Absorption 


1 (Note added at correction of proof.) Two more cancers have been obtained from the mice of 
the 1:2:7:8-dibenzanthracene series; thus 4 of the 10 mice painted with this material have 
given cancers. Four of the 10 mice painted with impure 3’-methyl-1: 2:5: 6-dibenzanthracene 
have developed papillomata and papillomata have been obtained in 1 mouse from the series of 
10 painted with 1:2:5:6-dibenzanthracene. 
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spectra in the ultra-violet also indicate, so far as the experiments have been 
carried, some connection between at least one powerfully cancer-producing 
material (7.e. the fraction boiling at 260-320°/14 mm. from the mixture ob- 
tained by the action of AICl, on commercial tetrahydronaphthalene) and 
1; 2-benzanthracene. 


The author is indebted to the British Empire Cancer Campaign for a re- 
search grant; to Prof. Leitch, the Director of this Institute, for the use of its 
facilities; to Dr Kennaway, who supervised the animal experiments; to 
W. V. Mayneord, who photographed many of the spectra; to Dr E. de Barry 
Barnett, for the loan of specimens of pure hydrocarbons; and to Dr J. W. Cook 
for a number of pure synthetic compounds. 
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HAEMOLYTIC streptococci can multiply over a wide range of conditions of 
oxygen supply from almost complete anaerobiosis to full exposure to the air, 
as on the surface of an agar slope. This ready adaptation to different con- 
ditions must involve changes in metabolic activity and biological behaviour. 
The measurement of oxidation-reduction potentials is the most direct method 
of following some of the effects of environmental conditions on the metabolic 
processes of the organisms. 

When an “unattackable electrode” is immersed in a solution containing 
a reversible oxidation-reduction system a potential difference is set up at the 
electrode, and this potential may be shown, by simple thermodynamic 
reasoning, to be dependent on the proportion of oxidised and reduced forms 
of the substance studied. The potential of the normal hydrogen electrode is 
taken as the standard of reference and to this is ascribed the value of zero 
potential difference. An electrode potential referred to this standard is 
designated Ey and is measured in volts. The higher the oxidising intensity of 
a system the more highly positive is the En, and the more highly reducing 
a system the more negative is the Ey. An essential point to be remembered 
is that electrode potential, like temperature and p,,, is a measure of intensity 
level and not of capacity. 

Bacterial cultures develop reducing tendencies during growth as shown, 
for example, by the decoloration of methylene blue. It would seem therefore 
that oxidation-reduction indicators might be employed for the determination 
of oxidation-reduction potential, in the way that py indicators are used for 
the determination of hydrogen ions. There are, however, certain disadvantages 
in the use of oxidation-reduction indicators, particularly in bacterial cultures. 
One disadvantage is that the oxidising capacity of the indicator is frequently 
great compared with the reducing capacity of the system, so that the bacterial 
culture is oxidised by the dye and the equilibrium is thereby displaced. 
Another disadvantage is the time taken for the dye to come into equilibrium 
with the system, which, in the case of bacterial cultures, is itself constantly 
changing. A further disadvantage is the participation of the dye in the 





En OF CULTURES OF. STREPTOCOCCI 513 


system and its possible toxic action on the organisms. Continuous readings 
cannot be made with a toxic dye; moreover, the killed organisms may have 
a different effect on the electrode potential of the medium. It is considered 
essential therefore to make direct determinations of the electrode potentials 
of bacterial cultures. 

Gillespie [1920], who was particularly interested in the behaviour of water- 
logged soils, first noted the steady drift towards negative potentials in bacterial 
cultures. This was confirmed by Cannan, Cohen and Clark [1926], and by 
Fildes [1929] who found that a certain limiting reduction potential is necessary 
for the germination of tetanus spores. 

The present communication is the outcome of some work carried out with 
Dr E. W. Todd in connection with the biological behaviour of haemolytic 
streptococci under different cultural conditions. The purely bacteriological 
aspect of the subject will be dealt with by Dr Todd in a communication shortly 
to be published. 

The conditions of cultivation were found to have a marked effect on the 
electrode potential-time curves of the cultures and the results obtained are 
reported with the minimum of comment until it is felt that chemical inter- 
pretations and biological implications are substantiated. 


Methods. 


The oxidation-reduction potentials of bacterial cultures are generally not 
well poised, so that it is essential to avoid polarisation effects. For this reason 
and for rapidity of measurements the Lindemann electrometer proved an 
excellent instrument for determining the null-point of potentiometric balance. 
Measurements were facilitated by the use of a series of single-pole, double- 
throw knife switches for connecting each individual cell and a double-pole, 
double-throw switch for reversing the connections to the potentiometer. 

Glass double-limbed cells placed in wooden blocks were used, and, in 
some experiments, the cultures were kept in a state of agitation and aeration 
by using the three-limbed tube shown on the left in Fig. 1. The central tube 
was connected by rubber tubing to Ridley’s [1928] mixing apparatus. In this 
way the cultures were alternately drawn up and depressed in the central tube, 
both the rate of movement and extent of excursion being readily adjusted. 
An agar-KCl bridge dipped into one limb of the culture-cell and into a vessel 
containing saturated KCl solution into which also a 3-5N KCl-calomel 
electrode dipped. Both gold wire and gold foil electrodes proved unreliable, 
so that platinum wires sealed into glass tubing were used and these gave 
steady reproducible readings. Some irregular results were explained by the 
discovery of a cracked electrode which caused direct electrical contact of 
mercury with the culture medium. Eight cells and the calomel electrode were 
placed in the incubator (at 37-38°) and the leads from these ran to the series 
of knife switches outside the incubator and thence to the potentiometer and 
electrometer. The glass apparatus was plugged with cotton-wool, sterilised in 
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hot-air and assembled with aseptic precautions. 8 cc. of medium were placed 
in each cell and the inoculum was 0-1 cc. of a 16-hour culture of the well- 
known “Aronson” strain of haemolytic streptococci. The purity of the 
cultures after experiment was confirmed by film preparations and agar plate 
cultures. Half-hourly readings were taken for the first 12-14 hours of 
incubation. 
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Fig. 2. Freshly boiled broths. 


Results. 


TRYPTIC-DIGEST AND PEPTONE-INFUSION MEDIA (Fi. 2). 

Horse-flesh infusion broth, containing 2 % of Difco peptone, and Douglas’s 
tryptic-digest broth were used. The digest broth had a slightly lower initial 
electrode potential, but the potential of cultures in this broth fell more slowly 
and did not reach as low a level as in the infusion broth. The curves suggest 
more opposition to reduction processes in the digest medium and there is 
some indication of reduction in two stages. Further differences between the 
two kinds of broth will become apparent in later sections. 
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Effect of exclusion of air (Figs. 3 and 4). 


When access to air of an infusion broth culture is prevented by sealing 
with melted vaselin the potential falls rapidly at first but subsequently more 
slowly, reaching eventually the same value as that reached in aerobic cultures. 

In sealed tryptic-digest broth cultures the potential falls as rapidly as in 
aerobic cultures and reaches a lower level than that of aerobic cultures in the 
same broth. 
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Fig. 3. Peptone-infusion broth. 
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Fig. 4. Tryptic-digest broth. 

Aerobically much lower potentials are reached in infusion broth but in 
the absence of air practically the same potentials are reached in infusion 
broth and tryptic-digest medium. This suggests an oxygen-carrying effect in 
tryptic-digest medium effected by substances liberated during tryptic diges- 
tion in the preparation of the medium. This phenomenon will be considered 
in more detail in a later section on the effect of serum. 
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Effect of freshly boiled medium (Figs. 3 and 4). 


Tubes of broth were immersed in a boiling water-bath for 30 minutes and 
cooled immediately before inoculation. The electrode potential of the broth 
was reduced 30-100 millivolts by this treatment, and the potentials of cultures 
fell more rapidly and reached lower levels in freshly boiled broth. In a culture 
in freshly boiled infusion broth En — 0-1 volt was reached in 5 hours, whilst 
11-5 hours were required to reach this potential in untreated broth. With 
tryptic-digest medium, boiling had less effect on reduction processes, but the 
potential rose much more rapidly after the phase of active proliferation in the 
freshly boiled medium (see Fig. 4). This facilitation of reduction effects and 
acceleration of oxidising effects by boiling the medium presents analogies to 
the expression of water from a sponge and the subsequent rapid re-absorption. 


Effect of aeration (Figs. 3 and 4). 


Aeration was effected by Ridley’s [1928] apparatus, the cultures being 
alternately raised and depressed in cells of the type shown on the left-hand 
side of Fig. 1, fresh surfaces of the culture thus being constantly exposed to 
the air. When aerated in this way the potentials of cultures fell very slowly 
and did not reach the low levels observed in stationary aerobic cultures, and, 
after the phase of active growth, the potentials rose rapidly, in some cases 
reaching values corresponding to the formation of peroxide. 

In freshly boiled broth the potentials rise much more rapidly after the 
phase of active growth, particularly in tryptic-digest media, thus providing 
a further example of the “sponge effect”’ already mentioned. 


Effect of peroxide (Fig. 5). 


When an abundant supply of oxygen is available, haemolytic streptococci 
may form peroxide, and this has a marked effect on the oxidation-reduction 
potential. In saline 0-02 % hydrogen peroxide has Ep + 0-52 volts. When 
peroxide was formed in aerated broth cultures (as detected by the benzidine- 
peroxidase test) the Ey registered between + 0-46 and + 0-5 volt according 
to the amount present. The upper curve in Fig. 5 shows the potentials observed 
in a tryptic-digest broth culture to which 0-007 % hydrogen peroxide was 
added before inoculation. It will be observed that there is a lag period before 
the potential commences to fall appreciably. After this period, when the 
peroxide has disappeared, the potential-time curve is almost identical with 
that of a plain tryptic-digest broth culture inoculated about 24 hours later 
than the peroxide culture. Incubation of the culture with the peroxide for 
some 8 hours appears not to have any appreciable effect on the organisms 
since the usual potential-time curve is obtained. This is in agreement with 
observations made on B. sporogenes [Quastel and Stephenson, 1926]. 
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Fig. 5. Unboiled tryptic-digest broth. 
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Fig. 6. Peptone-infusion broth. 


Effect of serum (Fig. 6). 


The presence of serum has a remarkable effect on the potentials reached 
by aerobic cultures of haemolytic streptococci. In aerobic 50 % serum-broth 
(peptone-infusion medium) the potential does not fall below Ep + 0-05 volt 
despite the very luxuriant growth, whilst in plain peptone-infusion broth the 
potential drops to below — 0-15 volt. The same effect on the potential was 
obtained when separated serum-proteins were used instead of native serum. 
Serum-proteins were prepared by three precipitations by means of sodium 
chloride and acetic acid, dissolving in water, dialysing to remove excess salt, 
adjusting the reaction and making up to the original volume of serum. 

When 50 % serum-broth cultures were sealed with vaselin the potential 
fell to the same level as that reached in aerobic plain broth cultures (7.e. some 
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200 millivolts lower than in aerobic serum-broth cultures). Evidently, then, 
serum has an oxygen-carrying effect in the presence of air, and this is due to 
the serum-proteins. This oxygen-carrying effect may be ascribed tentatively 
to the sulphur-containing groups in the protein molecule. The mechanism of 
oxidation of a substance, BH,. in the broth in the presence of protein, 
PrS.SPr may be represented as follows: 


PrS.SPr + BH, — 2PrSH + B 



























and in the presence of air 

2PrSH + 40, +> PrS.SPr + H,0. 
In a sealed culture without access to atmospheric oxygen this oxygen- 
carrying effect could not continue—thus conforming to the experimental 
results. 

It will be recalled that tryptic-digest broth possesses this oxygen-carrying 
effect to some degree and it would seem possible that, during the tryptic 
digestion in the preparation of the medium, sulphur-containing compounds 
are brought into solution, thus conferring the oxygen-carrying effect on the 
broth. 

Effect of sulphur compounds (Figs. 7 and 9). 


In view of the participation of sulphydryl compounds in biological oxida- 
tion-reduction systems [Hopkins and Dixon, 1922; Meyerhof, 1923] and the 
oxygen-carrying effect of serum, the influence of two compounds containing 
the —S.S— linking on the potentials has been studied. 
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Fig. 7. Freshly boiled infusion broth. 


In aerobic broth cultures containing 0-02 % (approximately) of cystine 
(see Fig. 7) the potential falls at first and then there is a very flat portion of 
the potential-time curve, after 4 to 6 hours’ growth, just as with serum- 
proteins (Fig. 6). In sealed 0-02 % cystine-broth cultures there is a rapid 
initial fall of potential, but the level reached is not as low as in sealed serum- 
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broth cultures. A distinct similarity can be traced between the effect of 
serum and of cystine but the differences suggest the co-existence of some 


other effect. 
Since cystine is relatively insoluble, the influence of thiodiglycollic acid 


was studied (Fig. 8). In 0-05 % thiodiglycollate-broth there is again the flat 
portion of the curve after 4 to 6 hours’ growth in aerobic cultures and the 
rapid initial fall in sealed cultures. In addition, in the sealed cultures a 
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Fig. 8. Freshly boiled infusion broth. 
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Fig. 9. Freshly boiled infusion broth. 


potential some 50 millivolts more negative is reached than in the aerobic 


cultures. We have here, therefore, direct evidence of the oxygen-carrying 
effect of sulphur compounds and support for the hypothesis that these may 
account for the influence of serum on the potentials reached in cultures. That 
the effects observed are not absolutely identical may be due to the different 
range of.effect of sulphur compounds when combined in the protein molecules, 
or to the effect of other constituents of the protein complex, e.g. lips [Lepper 
and Martin, 1929]. 
Effect of glucose (Fig. 9). 

In 1 % glucose-broth cultures the electrode potential falls very rapidly 

for about 5 hours and then suddenly rises some 100 millivolts, This is followed 
33—2 
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by a slight fall in potential and then a gradual increase. Acid is produced in 
glucose-broth cultures about the time of the sudden rise in potential, and 
although the direct effect of py on the electrode potential is most probably 
insufficient completely to account for the phenomenon, this, together with 
the indirect effect of the acidity on the constituents of the culture may explain 
the effects produced. When air is excluded by a vaselin seal the potential in 
glucose-broth cultures falls more slowly than in aerobic cultures. This sur- 
prising result suggests that oxygen is required for the rapid development of 
high reduction potentials. Since the first stage of glucose fermentation (to 
lactic acid, etc.) proceeds anaerobically it would seem that the oxygen is 
required either for the utilisation of food-stuffs in the broth, or for utilising 
lactic acid, etc. if these are utilised by the streptococcus. When glucose-broth 
cultures are aerated vigorously growth is very luxuriant but the potential 
falls only to a very limited extent (some 100 millivolts compared with 450 
millivolts in aerobic plain broth cultures). After the cessation of active 
proliferation the potential rises very slowly and does not reach the high 
oxidation potential reached in aerated plain broth; glucose or its breakdown 
products apparently opposing oxidation processes. Dubos [1929] has sug- 
gested that reductive conditions are necessary for active proliferation, but 
the high potential maintained in aerated glucose-broth cultures is accom- 
panied by luxuriant growth, so that the reaching of a high reducing potential 
does not seem essential. Also in anaerobic sealed cultures, where there is 
little oxygen to oppose reduction processes, the potentials indicate a slower 
establishment of intense reducing conditions than in aerobic cultures, again 
suggesting that the organisms do not favour highly reducing conditions. 


Effect of intermediate fermentation products (Figs. 10 and 11). 

The effects of 1% of the sodium salts of lactic acid, succinic acid and 
fumaric acid on the potentials of broth cultures of haemolytic streptococci 
are shown in Figs. 10 and 11. In aerobic cultures the potential falls rapidly— 
most rapidly with succinate and least so with fumarate broth cultures. When 
sealed with vaselin the potential falls very slowly in 1 % fumarate broth, 
somewhat more rapidly in broth containing both 1% fumarate and 1% 
succinate and still more rapidly in 1 % fumarate-, 1 % lactate-broth. The 
slow fall in potential in anaerobic cultures is probably due to the lack of 
oxygen for the utilisation of the acids. In the case of fumarate-lactate-broth 
the fumaric acid may act as hydrogen acceptor [Thunberg, 1921], as in the 
presence of muscle, thus oxidising the lactic acid to pyruvic acid which is 
probably readily utilised by bacteria. 

CH,.CH(OH).COOH +COOH.CH : CH.COOH — CH,.CO.COOH +COOH.CH,.CH,.COOH 


lactic acid +fumaric acid — pyruvic acid +succinic acid. 

In aerated cultures the potentials have a delayed fall followed by a slow 
rise in potential. This retarded rise in potential, also shown in glucose-broth, 
is in contrast with the observation of Platt [1927] that glucose and lactic acid 
accelerated the production of peroxide by pneumococci. 
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Conclusions. 


Readily reproducible potential-time curves, varying markedly with change 
of conditions, were obtained with cultures of haemolytic streptococci. By 
varying cultural conditions the electrode potential during growth may fall 
over 450 mv., or less than 80 mv., and, after the phase of active growth, the 
potential may remain at a very low level, corresponding to intense reducing 
conditions, or may rise rapidly to levels at which peroxide appears. These 
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Fig. 10. Freshly boiled infusion broth. 
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: Fig. 11. Freshly boiled infusion broth. 
very different potentials reached indicate the very wide range of oxygen tension 
at which the streptococci will grow readily, and must produce very different 
effects. Fermentation reactions, products of metabolism, morphology, viru- 
lence and toxin production can all probably be correlated with the oxidation- 
reduction potentials developed in the medium. 

Tn aerobic 50% serum-broth cultures the potential falls only 250 mv. 
during growth compared with a fall of 450 mv. in plain broth cultures. This 
oxygen-carrying effect, which is due to the serum-proteins and occurs only 
in aerobic cultures, is of interest from several points of view. With regard to 
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the mechanism of the effect, some evidence is presented that this may be due 
to the sulphur-containing units of the protein molecule. It seems possible 
that —SH groups in proteins may behave similarly to those in peptides such 
as glutathione. Serum-broth is a common culture medium for haemolytic 
streptococci and it seems probable that cultural conditions in serum-broth 
may approximate to those in the blood-stream. The special biological charac- 
teristics of organisms recently isolated from the body or obtained by animal 
passage may be due to the effect of serum-proteins, which, by regulating the 
oxidation-reduction potential, would control the metabolism of the streptococci. 

Fildes [1929] has observed that the potential of subcutaneous tissue is too 
high for the germination of tetanus spores, and this again may be due to the 
maintenance of relatively high potentials through the agency of the oxygen- 
carrying effect of proteins. 

The potential-time curves give some information regarding peroxide 
formation by haemolytic streptococci. In vigorously aerated cultures peroxide 
appeared after 16 to 24 hours’ growth. In every culture in which peroxide 
was detected the electrode potential was high, i.e. between + 0-46 and 
+ 0-52 volt according to the amount of peroxide formed. The same potentials 
were observed when hydrogen peroxide was added to saline or to broth. 
Bacterial peroxide is therefore closely similar to hydrogen peroxide. Low 
concentrations of hydrogen peroxide appeared not to have appreciable toxic 
effects on the streptococci but merely to produce a lag phase. In an aerobic 
tryptic-digest broth culture to which 0-006 % hydrogen peroxide was added 
the usual potential-time curve was obtained after the long lag period. In this 
stationary aerobic culture peroxide again appeared after 5 days’ incubation. 
Glucose and lactic acid retarded peroxide formation whilst Platt [1927] found 
that with pneumococci they accelerated peroxide formation. 

In describing the state of oxidation-reduction systems the electrode 
potential, En, is sometimes replaced by 7,,, which, by analogy with py, is 
the logarithm of the reciprocal of the partial pressure of hydrogen in equili- 
brium with the system. 

In the following table are summarised the minimum values of 7 reached 
in various cultures and the time required to reach these values. 


Approximate 
minimum value ‘Time to reach 
System of ry 7 (hours) 

Hydrogen peroxide in broth 30 0 
Bacterial peroxide 30 0 
Uninoculated broth 25 0 
Aerated glucose broth cultures 21 5 
Aerated plain i 17 8 
Aerobic serum i 16 16 
Sealed ‘ a 9 12 
Freshly boiled aerobic glucose broth cultures 10 5 
sealed = ae 10 24 

aerobic digest = 13 12 

sealed digest a 9 24 
Unboiled aerobic infusion - 10-5 12 
Freshly boiled aerobic infusion os 8-7 7 
sealed i oe 8-7 20 
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Dubos [1929] claims that reductive conditions are necessary for the rapid 
proliferation of small implants of haemolytic streptococci, but it has been 
found that in the present experiments the streptococci showed particularly 
luxuriant growth under conditions in which the potential remained at a high 
(oxidising) level and that anaerobically the fall in potential in glucose, lactate, 
and similar broth cultures was slow. 

Distinct differences exist between the potential-time curves of different 
strains of haemolytic streptococci. In this communication results obtained 
with one strain only are reported, but most of the phenomena described have 
been observed with several different strains. 


SUMMARY. 


1. Experimental details are described for obtaining reproducible oxidation- 
reduction potential-time curves of cultures of haemolytic streptococci. The 
potentials observed varied widely with different cultural conditions. 

2. The presence of serum in broth inhibits the fall in potential during 
growth in aerobic cultures. This influence is due to an oxygen-carrying effect 
of the serum-proteins which has been tentatively ascribed to sulphur-con- 
taining units in the protein molecule. The biological significance of these 
phenomena is discussed. 

3. The fall in potential during growth is less in tryptic-digest medium 
than in peptone-infusion broth. 

4. In freshly boiled broth the potential falls more rapidly and to a lower 
level than in unboiled broth, and, particularly in tryptic-digest medium, 
rises more rapidly after the cessation of active proliferation. 

5. When cultures are aerated the potential falls less durmg growth and 
rises more rapidly after the logarithmic phase of multiplication. Peroxide is 
frequently formed in aerated cultures and has a marked effect on the potentials, 
which are similar to those observed when hydrogen peroxide is added to broth 
or to saline. Glucose, lactic acid, etc. retard peroxide formation. When a low 
concentration of hydrogen peroxide is added to broth before inoculation there 
is a long lag period but after this the normal potential-time curve is obtained. 
The organisms, therefore, are apparently not injured by the peroxide in low 
concentration. 

6. The potential falls rapidly in aerobic 1 % glucose-broth cultures but 
less rapidly in sealed cultures. A short phase of rapid increase of potential 
is observed in aerobic glucose cultures after a few hours’ growth. In aerated 
glucose-broth cultures the potential falls very little despite the very luxuriant 
growth obtained. 

7. No evidence was obtained that reductive conditions (low oxidation- 
reduction potential) favoured the growth of haemolytic streptococci. 


The author is indebted to Dr R. G. White and Dr E. W. Todd for sugges- 


tions, assistance and helpful encouragement. 
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BACTERIAL activity is normally associated with the absorption or evolution 
of gases. The production of gases may be due to ordinary respiratory evolution 
of CO,, or to the disintegration of nutritive compounds whereby gaseous 
by-products are formed. The absorption of gas is usually to be correlated 
with respiration where oxygen is absorbed from the atmosphere. 

When bacteria cultivated in broth absorb or evolve relatively large amounts 
of gas, volume changes may be measured with considerable accuracy, and 
thus may throw some light on the metabolism of the organisms. In par- 
ticular, regular observations of volume changes over a period of time should 
determine the activities of the bacteria in various stages of the life of the 
culture. 

In the course of researches on bacterial denitrification, three experimental 
methods were devised. The results of this work are published in the succeeding 
paper; the present paper describes the apparatus used. 


I. THE PYKNOMETER METHOD. 


The first method was devised for use in an incubator, where compactness 
is an advantage. A culture tube A (Fig. 1), of volume approximately 10 cc., 
is filled to the neck with a nitrate- or nitrite-broth and sterilised. After 
inoculation it is attached by means of pressure tubing, B, to a pyknometer, C, 
which is initially filled with pure dry mercury. The culture tube A has a 
narrow neck for convenience in attaching the tubing; milk centrifuge tubes 
were found to be suitable. 

When the culture attacks the nitrate or nitrite, the gases evolved displace 
some of the mercury into a collecting tube, D, which is changed periodically. 
The displaced mercury is weighed and its volume calculated. Hence the 
volume of gas produced during any desired interval of time is known. 
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The following precautions are adopted. 

(i) The pyknometer is thoroughly cleaned with hot chromic acid, and 
carefully dried before use in each experiment; the mercury also is washed 
and dried. These operations were designed to make the mercury sensitive to 
even slight increases of pressure due to gas evolution. In practice, it was 
found that the mercury was displaced spasmodically in quantities of about 
0-03 ce. at a time, equivalent to about 5 drops. 

(ii) The tube A is filled with broth to the neck, to minimise the air space 
above. A small production of gas thus causes a maximum increase of pressure 
on the mercury, and renders the apparatus more sensitive to small volume 
changes. A minimal air space is an advantage in processes such as denitrifi- 
cation where gas production is reduced or inhibited by the presence of air. 

The whole apparatus is placed after assembly in an incubator automatically 
regulated to the desired temperature. 





Fig. 1. 


II. THE CAPILLARY TUBE METHOD. 


This method was devised for making simultaneous observations on a 
number of cultures under the same physical conditions. The effect of varying 
other factors in a series of cultures could thus be determined. 

The broth culture is normally contained in a centrifuge tube of about 
10 cc. capacity, and connected by means of rubber pressure tubing to a glass 
capillary tube about 150 cm. in length. The culture tube is then completely 
immersed in a thermostat at the desired temperature, which should not vary 
during the experiment by more than 0-05°. 

The capillary tube is first calibrated, thoroughly cleaned with hot chromic 
acid, washed, and carefully dried. A thread of mercury is then inserted to 
indicate gas evolution. The capillary tube is supported horizontally, lying on 
a paper scale by which the movement of the mercury thread can be recorded 
(Fig. 2). A movement of the thread of 1 cm. corresponded to an alteration in 
volume of 0-004—0-04 cce., according to the bore of the tube used. The 
total volume of gas produced by the denitrification of 25 mg. of KNO,— 
about 3 cc.—could be contained in 100 cm. or less of tubing, and its pro- 
duction with time could be measured with an accuracy of 0-01 ce. 
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When it is desired to measure the rate of gas production over short 
intervals of time, the small tube may be replaced by a boiling-tube of about 
100 ce. capacity. If desired, mechanical stirring of the broth can be accom- 
plished by using a tube with a mercury seal [Findlay, 1923]. By filling the 
culture tubes as completely as possible, the influence of variation in baro- 
metric pressure is minimised, and is usually negligible. Readings of the baro- 
metric pressure were taken systematically in all experiments extending over 
24 hours, but corrections are necessary only when fluctuations are great, and 
when more than 3 cc. of gas is produced. The influence of fluctuations of room 
temperature on the volume of the gas are negligible; they were found to be 
of the order of 4 %. 





eee 
Fig. 2. 


The less the volume of the air space above the culture, the more sensitive 
is the method. The movement of the mercury thread depends on the difference 
of pressure on its two ends, so that the minimum volume change sufficient to 
move the mercury thread is inversely proportional to the total volume of the 
air space. 


III. LARGE-SCALE METHOD. 


The third experimental procedure adopted was designed to determine the 
nature of the gases produced at various stages in the process of denitrification. 
The object therefore was to obtain quantities of gas sufficient for analysis at 
each of these stages rather than to obtain accuracy of measurement. However, 
it is possible by this method to measure the volume of gas produced in any 
given interval of time. 

Samples of the broth can also be withdrawn periodically so that bacterial 
counts, py determinations, and chemical tests can be made. 

The apparatus is shown in Fig. 3. A 5-litre flask containing the broth is 
fitted with a two-holed rubber stopper. Samples of the broth can be with- 
drawn into the gas washing bottle C by means of the tube B which extends 
into the middle of the flask. The gas evolved is collected in the gas-burette D 
by displacement of mercury. This vessel can be changed frequently, the 
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screw-clip EZ being closed during the operation. The whole apparatus is placed 
in an incubator. 
The gases so obtained can then be analysed in a Haldane apparatus. 





SUMMARY. 


Simple methods are devised to measure the rate of production of gas 
continuously during the growth of a broth-culture. ( 
REFERENCE. , 


Findlay (1923). Practical physical chemistry (London, 4th ed.), p. 242. 
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THE bacterial reduction of nitrates and nitrites to free nitrogen has long been 
known; it has been the subject of interest in such diverse branches of science 
as marine biology, sewage research, and agriculture. Despite its importance, 
comparatively little accurate investigation appears to have been carried out: 
especially is there a lack of quantitative data as to the rate at which denitrifi- 
cation takes place. 

Baur [1902]. found that 5% nitrate or nitrite in a broth culture of 
B. actinopelte was completely decomposed in 10-14 days at 15° to 20°; 
Drew [1911] stated that at 29° B. calcis destroyed 0-5 g. of KNO, in 86 hours. 
Apparentiy the only record of stages in the denitrifigation is that of Lumia 
[1915], who found that under favourable conditions there was after 14 days 
sudden gas production at a rapidly increasing rate, and an equally rapid 
slowing down towards the end. He also found that with varying conditions 
it was the speed of the reaction that was affected and not the total denitrifi- 
cation expressed either in terms of the gas produced or of the amount of 
nitrate destroyed. Korsakova [1927], using B. denitrificans fluorescens in a 
nitrate medium, estimated periodically the quantity of nitrogen produced 
and the amounts of nitrate and nitrite present. The intervals between estima- 
tions were, however, too long to show the progress of the denitrification in 
detail. 

It is apparent from the above record that little work of value has been 
done on the rate of denitrification. The numerous factors that affect the rate 
do not seem to have been appreciated; otherwise the isolated items of in- 
formation given would have been recognised as haphazard. With the excep- 
tion of Carapelle [1908], who stated that the activity of bacteria possessing 
reducing powers is more marked in young than in old cultures, no one seems 
to have correlated the rate of reduction with the age of the culture. Still less 
has it been realised that in denitrification the rate of gas production may 
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under certain circumstances be taken as a measure of the number of viable 
organisms present; or that there is a delay in gas production which can be 
correlated with the lag phase of bacterial growth, and which furnishes a simple 
method of studying quantitatively the factors affecting the duration of the 
lag phase. The rate of denitrification is greater in a young culture than in an 
old one for two reasons: (i) the number of bacterial cells is greater in a young 
culture than in a senescent one; (ii) the majority of cells in a young culture 
are in a state of active cell-division, so that each attacks the nitrate more 
rapidly than a cell from an older culture. 

The utility of denitrification to the organism is primarily a respiratory one, 
and therefore the rate of denitrification, the rate of respiration, and the rate 
of bacterial growth are interdependent; and a curve showing the production 
of nitrogen with time for a given organism under given conditions should be 
capable of correlation with the growth curve of the culture. 

In the preceding paper [Cranston, 1930], methods are described for 
measuring the rate of gas production by bacteria when cultivated in a liquid 
medium. For the following work, the device found most convenient and simple 
to use was that of attaching a 10 cc. culture tube with a narrow neck to a 
capillary tube containing a thread of mercury; it was employed in the work 
described in this paper, which is the outcome of studying the rate of denitri- 
fication of over 90 cultures. 


General form of the denitrification curve. 


When the volume of the gas absorbed or produced during denitrification 
is plotted against the time from seeding, a curve of the general type shown 
in Fig. 1 is obtained; such a curve will be referred to throughout this paper 
as a “denitrification curve.” The rate of change in volume varies in magnitude 
and sign so that as many as nine stages can be differentiated. From this curve 
another may be obtained by plotting the increments of volume in selected 
intervals of time against the mean time from inoculation. Except for the 
initial contraction OC and the final contraction JK, the curve will represent 
the rate of gas evolution at various stages in the growth of the culture; such 
a curve will be referred to throughout this paper as a “rate of denitrification 
curve.” 

The initial contraction indicated by the portion OC of the curve is due to 
the absorption of atmospheric oxygen present in the air space between the 
surface of the medium and the mercury thread in the capillary tube; it is 
effected partly by the oxidation of the medium and partly by the respiration 
of the bacteria. The control experiments discussed later show that the con- 
traction in this phase along OA is due almost entirely to absorption by the 
medium, while the portion AC is due partly to aerobic bacterial respiration. 
The final contraction JK, which when it occurs is usually of very small 
magnitude, can be attributed to the same causes. 

The rate of denitrification curve (Fig. 2, p. 534) shows general similarity to 
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a bacterial growth curve, and this resemblance suggests that the two may be 
correlated. A growth curve can be dissected to represent various phases of 
bacterial growth: it will be appropriate to discuss these before dealing with 
the interpretation of the rate of denitrification curve. 


Growth phases in bacterial cultures. 


The rate of growth of bacteria in a sub-culture varies greatly with time 
[Buchanan and Fulmer, 1928]. It has been established that in general there 
is no appreciable initial increase in the numbers of bacteria [Lane-Claypon, 
1909; Penfold, 1914; Ledingham and Penfold, 1914]. After germination has 
begun, cell-division proceeds slowly at first and then more and more rapidly 
until such time as the bacteria are dividing at a uniform rate, 7.e. until they 
are increasing in number geometrically over equal intervals of time. The rate 


Volume change of gas 


[} 





Time 


Fig. 1. General form of a denitrification curve, marked off into sections which 
are correlated with bacterial growth phases. 


of increase then diminishes progressively until the numbers of bacteria remain 
constant, after which there is a diminution in numbers until the culture dies 
off. Buchanan differentiates seven such phases as follows. 

1. Initial stationary phase. During this phase the number of bacteria 
remains constant. The duration of the phase varies with the experimental 
conditions, and with the organism used. 

2. Phase of positive growth acceleration. Here the cells are beginning to 
divide, and the average rate of increase in numbers increases with time. This 
phase extends over a period of time because all the cells do not germinate at 
once. When all the viable cells of the original inoculum have germinated they 
continue to divide regularly, and the rate of increase is then constant; this 
gives rise to the third phase. 

The term “lag phase” has been defined as covering the period which elapses between “the 
time of seeding and the time at which maximum rate of growth begins” [Chesney, 1916]. 
Buchanan, however, in a desire to differentiate between these two phases has suggested that 


the term should be reserved specifically to indicate the second phase, viz. “that period elapsing 
between the beginning of multiplication and the beginning of the maximum rate of increase per 
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organism.” It appears to us unfortunate that he did not suggest the use of the term for the first 
phase instead of the second. The word “lag” is more suggestive of the first phase, and indeed 
in discussions of theories of the lag phase, it has been so frequently used by various workers, 
including Buchanan himself, to mean the stationary phase that this meaning has been sanctioned 
by custom. 


3. Logarithmic growth phase. During this phase the rate of increase per 
organism remains constant. 

4. Phase of negative growth acceleration. Here the rate of increase de- 
creases, although the number of bacteria increases. 

5. Maximum stationary phase. In this phase the number of bacteria 
remains constant. 

6. Phase of accelerated death. During this phase the number of bacteria is 
decreasing, slowly at first and then with increasing rapidity. 

7. Logarithmic death phase. Here the rate of decrease per organism re- 
mains constant. Buchanan and Fulmer [1928] state that such decrease is 


seldom logarithmic. 


Comparison of growth phases with phases of gas evolution. 


It is generally agreed that the significance of bacterial denitrification is a 
respiratory one, 7.e. the oxygen available from the nitrate may be supple- 
mentary to, or may be a substitute for, free atmospheric oxygen. Most 
writers find that the presence of free oxygen retards denitrification [Kunne- 
mann, 1898; Caron, 1912] and in some cases may even inhibit it completely 
[Gran, 1901; Ampola, 1907]. It does not seem to be clearly recognised, 
except perhaps by Korsakova [1927], that the reduction of nitrate to nitrogen 
occurs by stages with the formation of intermediate compounds, and that 
gas is produced only in the last stage. Denitrification is therefore an indica- 
tion of the completeness with which oxygen is utilised, and this in turn 
depends on the amount of nitrate present. Statements regarding inhibiting 
factors should therefore only be made when the concentration of the nitrate 
is taken into account. This point is discussed in detail later in the paper when 
experimental data enable it to be done quantitatively. 

The denitrifying consequence of bacterial respiration should lead to the 
establishment of some connection between the rate of gas evolution and the 
number of viable organisms present: but if that relationship is to be made 
quantitative, the following conditions must be satisfied. 

1. The organism must depend solely upon the nitrate or nitrite for its 
oxygen supply. 

2. The gas evolved is pure nitrogen. 

3. All the bacteria consume oxygen at the same rate, this rate being inde- 
pendent of the age of the individual organism. 

4. No time lag must occur between the absorption of oxygen and the 
production of nitrogen. 

Condition 1 can be controlled experimentally, and Condition 2 can be 
arranged by selecting an organism known to produce nitrogen only. No 
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evidence is available regarding Condition 3. Even if the rate of consumption 
of oxygen is not proportional to the number of bacteria present, it is at least 
a measure of their aggregate metabolic activity, which is perhaps as significant. 
Condition 4 does not hold throughout the whole course of denitrification. 
Korsakova [1927] found by analyses performed during the course of denitrifi- 
cation that the nitrogen could not be completely accounted for as nitrate, 
nitrite, and free nitrogen, and therefore concluded that some of it existed as 
an intermediate compound. Ampola and Ulpiani [1899] suggested that 
hyponitrite is formed as an intermediate product in denitrification, but were 
unable to demonstrate its existence during gas production. The authors show 
later on in this paper that their results can be quantitatively accounted for 
on the assumption that this intermediate compound is the hyponitrite. Thus 
the reduction of potassium nitrite on this supposition would occur in two 
stages. 


2KNO, — 20 = K,N,0, 

K,N,0, — O = K,0 + Nj. 
A large proportion of the oxygen may thus be utilised before nitrogen is 
evolved at all. Under the conditions of the authors’ experiments, these 
reactions do not occur simultaneously, but the nitrogen is given off only after 
the nitrite has been completely converted into an intermediate compound. 

The number of bacteria present in a nitrite-broth culture is therefore 
proportional to the rate of gas evolution only through part of the life of the 
culture, viz. soon after gas evolution has begun. It is characteristic of denitrifi- 
cation curves that soon after gas is evolved, it is produced at its maximum 
rate. This seems to show that gas is not evolved till the later stages of the 
phase of logarithmic growth. The authors propose later to find if potassium 
hyponitrite can be used instead of potassium nitrite as a source of oxygen for 
the bacteria; the amount of nitrogen evolved would then be proportional 
throughout to the amount of oxygen consumed, and thus the earlier growth 
phases could be studied directly. 

The growth phases detailed above may best be compared with the phases 
of gas evolution by considering the rate of denitrification curve given in Fig. 2. 

The initial stationary phase is represented by AC. Experiments to be 
described later show some of the factors which determine its duration. 

The phase of positive growth acceleration is represented by CD. As ex- 
plained above, the production of nitrogen from nitrite is delayed through the 
formation of an intermediate compound; this occurs during the present phase 
so that the initial growth of bacteria is not accompanied by gas evolution. 
Ordinarily, therefore, the growth during this phase cannot be studied by gas 
production. 

The logarithmic growth phase is represented by DE. In most of the experi- 
ments gas is first evolved during this phase, but whether it occurs at the early 
or the late part of the phase cannot be determined from the data of gas 
evolution alone. 


Biochem. 1930 xx1v 34 
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The phase of negative growth acceleration, the maximum stationary phase, 
and the phase of accelerated death, represented by EF, FG and GH respec- 
tively, are usually of short duration. An investigation of these phases would 
require readings taken at intervals not greater than half an hour, and to 
attain any accuracy the volume changes would have to be magnified by using 


not less than 100 cc. of broth culture. 

The logarithmic death phase is represented by HI. In most cases the 
numbers of bacteria were found to decrease logarithmically over measurable 
periods of time. In one experiment this period extended over 5 days [Cranston 
and Lloyd, 1930]. 


Rate of gas production 


Time 


Fig. 2. General form of a rate of denitrification curve, marked off into sections 
which are correlated with bacterial growth phases. 


The phase of slow decline, represented by IJ, is shown by nearly all cultures. 
Some experiments that throw light on these phases are described below. 


EXPERIMENTAL. 

For the following work, an actively denitrifying marine organism was 
selected. The strain employed was isolated from Loch Striven in the Clyde 
Sea Area at a depth of 20 fathoms. The organism will be described in detail 
in a forthcoming paper; a culture has been lodged with the National Collec- 
tion of Type Cultures at the Lister Institute. The following are its principal 
characteristics. 

Designation. Laboratory organism XIv. 

Morphology. Vibrio, single, sometimes forming short chains, gram-negative, actively motile, 


length about 1-5. 

Agar culiures. Slope cultures, thin coherent wrinkled films; surface colonies on agar plates 
up to 5 mm. in diameter, with wrinkles often radially arranged. 

Gelatin cultures. No liquefaction. 

Broth cultures. Uniform turbidity, with coherent wrinkled surface pellicle, the nature of the 
pellicle varying with the temperature of incubation; surface films absent from a young nitrate 
or nitrite broth. 

Optimum temperature. 35°. 
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Size of the inoculum. 


The general procedure adopted in making an inoculation was designed to 
make the seeding as constant in amount as possible. In order to obtain some 
estimate of the number of bacteria used in an inoculation, the direct method 
of counting by means of a Thoma haemacytometer was employed. One 
loopful of a broth culture actively producing gas was transferred to approxi- 
mately 10 ce. of the sub-culture. In the parent culture the average number 
of bacteria counted in unit volume, 1/20 x 1/20 x 1/10 mm.3, was 40, which 
is equivalent to 160 « 10® per cc. In the sub-culture, only one bacterium 
was seen in 40 unit volumes examined, equivalent to 10° per cc. The dilution 
performed by transferring one loopful to 10 cc. was thus approximately 
1 in 1600. This figure was checked by ascertaining the average weight of a 
loopful of broth to be 5 mg., which in 10 ce. gives a dilution of 1 in 2000. 

The seeding was thus of the order of 1,000,000 bacteria. 
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Fig. 3. Curves showing absorption of oxygen by a broth culture J1, and a sterile control J 2. 


A. The initial contraction phase. 


The marked effect of aeration on denitrification has already been alluded 
to. It may be studied quantitatively by determining the factors that give rise 
to the initial contraction phase. 

(a) In absence of nitrates and nitrites. When a culture tube of about 10 cc. 
capacity is filled with a broth medium and connected up to a capillary tube 
as explained in method 2 of the previous paper, there is an air space of about 
1 cc. between the surface of the broth and the end of the mercury thread in 
the capillary tube. Unless oxygen is excluded from this space, there is a 
slow contraction in volume due to oxidation of the medium. Some actual 
experimental results are shown in Fig. 3. J2 was a nitrite-free sterile broth 
control, in which the rate of contraction slowed down as the surface of the 
broth became oxidised. J1 was a nitrite-free culture, so that after the initia 
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lag phase was over, the demand for oxygen for bacterial respiration suddenly 
increased; this circumstance accounts for the sudden drop in the curve. This 
is verified in curve L3 (Fig. 5), where effects were intentionally magnified 
by having an air space of about 5 cc. above the broth. 

The initial rate of the contraction has been found to be approximately 
proportional to the surface of the broth exposed. For sterile broths, the rate 
diminishes with time, unless the connection to the capillary tube is opened and 
a fresh supply of air admitted. In this case the rate of contraction first 
increases and then diminishes slowly. The total amount of the contraction 
depends of course on the amount of oxygen available above the broth. In an 
open tube the absorption continues until the broth is completely oxidised; 
in Giltay’s medium a dark brown colour is then produced. 
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Fig. 4. A typical denitrification curve. 


(6) In presence of nitrites. When a sub-culture is freshly made into a 
nitrite broth, the initial rate of contraction is similar to that of inoculated 
controls; apparently the oxygen demands of the bacteria are very small in 
the early part of the lag phase, and are met by the atmospheric and dissolved 
oxygen, and by oxygen obtained in the first stage of the reduction of the 
nitrite. Only when the bacteria reach the phase of rapid growth does the 
oxygen from these sources become suddenly inadequate, and the intermediate 
compound is attacked. It is for this reason that the denitrification curve of a 
healthy culture shows such a sharp point of inflection at the beginning of gas 
evolution; and attains the maximum rate of gas evolution so rapidly. Fig. 4 
shows such a curve obtained from an 8 cc. broth culture (#2) with 25 mg. of 
K NO, added. 

If a large supply of atmospheric oxygen is available, nitrate may hardly 
be attacked at all (Z3, Fig. 5). Experiment shows, however, that some nitrogen 
is evolved even when a broth culture is spread out in a thin layer to expose 
a large surface for the absorption of oxygen. 
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(c) Prevention of the initial contraction. When the air above the broth and 
in the capillary tube was displaced by coal gas, the contraction took place in 
both sterile and inoculated broths, and was apparently due to the solution 
of some of the gases. No growth started in the inoculated broth, probably 
because of the toxic effect of the dissolved gases. 

The effect of replacing air by nitrogen was next tried. 8 cc. of Giltay’s 
medium containing 0-25 % KNO, were placed in tubes of 12 cc. capacity, 
thus giving a large air space to magnify any effects when atmospheric oxygen 
was not excluded. Six broth tubes were observed under the following con- 


ditions. 


Nitrate Nitrite 
Designation Inoculated mg. mg. Atmosphere 
Ll 0 20 25 Air 
L2 0 20 25 Nitrogen 
L3 20 0 Air 
L4 20 0 Nitrogen 
L5 20 25 Air 
L6 20 25 Nitrogen 
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Fig. 5. Curves illustrating the suppression of the initial contraction in cultures 
and sterile controls on replacing air by nitrogen. 


Thus Z1 served as a control to L2 to determine the effect of atmospheric 
oxygen on sterile broth, L3 as a control to L4 to determine the effect of 
atmospheric oxygen on a culture, and L1 as a control to L3 to determine the 
contraction in the initial stages due to bacterial respiration. The denitrifica- 
tion curves of L1, £2, £3 and L4 are shown in Fig. 5. 
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No gas evolution occurred in L5 and L6, apparently because the oxygen 
requirements of the bacteria were satisfied by the initial stages of the re- 
duction of the nitrate and nitrite present. In Z2 and L4, which were ina 
nitrogen atmosphere, there was practically no contraction; but in L1 and L3, 
which had air, there were large contractions. On comparing the sterile 
control L1 with the nitrite-free culture 3, it is seen that both contracted 
in a similar way for the first 25 hours; the bacterial lag phase in L3 was 
then over, and a period of rapid contraction set in for the next 25 hours until 
the nitrate was attacked with evolution of gas, the small expansion being 
due to the fact that the oxygen requirements had already been partly satisfied 
by the oxygen of the atmosphere. L4, on the other hand, experienced no 
contraction, but at the end of 25 hours showed the expansion due to bacterial 
decomposition of the nitrate. 

To sum up, it is found that in the absence of free oxygen there is no 
initial contraction; in the presence of oxygen there is an initial contraction, 
of a two-fold nature: 

(a) a consumption of oxygen due to oxidation of the medium, which 
slows down with time; 

(6) a consumption of oxygen due to bacterial respiration; this increases 
with time up to the limits of the available oxygen, but the contraction is 
counterbalanced by evolution of nitrogen if nitrite and nitrate are present 
as sources of oxygen. 


B. Factors affecting the duration of the lag phase. 


(a) Effect of time of addition of nitrite. Six cultures, H 1-H 6, were inoculated 
at the same time, and incubated at 27°. 25 mg. of KNO, were added imme- 
diately to H 1 and H 2, after a lapse of 12 hours to H 3 and H 4, and after 24 hours 
to H5 and H6. Gas production began almost simultaneously in H1, H2, H3 
and H4 about 20 hours after inoculation, and in H5 and H6 about 8 hours 
later, 7.e. about 4 hours after addition of the KNO,. The following inferences 
were drawn. 

(i) The time that elapses between the inoculation of a culture into a 
nitrite broth and the evolution of gas is due mainly to the lag in the develop- 
ment of a healthy culture. When, as in the above experiment, the period of 
this lag is about 20 hours, the time of first gas evolution is independent of 
whether the nitrite is present at the beginning or whether it is added up to 
12 hours after inoculation. 

(ii) The addition of nitrite to a 24-hour culture (7.e. one that would have 
begun to produce gas if nitrite had been present at the time of inoculation) 
does not cause immediate gas production, but there is a further delay of 
4 or 5 hours. This may be due to a necessary accommodation on the part of 
the bacteria to its slightly altered nitrite environment, or it may more pro- 
bably be due to the nitrite-reduction taking place in two stages with the 
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formation of an intermediate compound. The first stage does not produce 

nitrogen. 

The experiment was repeated under slightly different conditions. Six 

similar cultures were prepared and inoculated at the same time. They were 

kept at room temperature for 24 hours, and then placed in a thermostat at 

| 32°, and the production of gas for 100 hours measured at intervals by the 

: -apillary tube method. 

| KNO, was added to one of the cultures 24 hours after inoculation, and to 
the others at intervals as shown in Table I. The last column shows the time 
interval from inoculation when nitrogen was first evolved, and Fig. 6 gives 
the denitrification curves of the series. 


Table I. 


Time in hours after inoculation 





Designation of 


culture KNO, added Gas first produced 
HH| 24 13 
HH2 54 13 
HH3 8} 13 
HH4 114 16 
HH5 14} 19 
HH6 184 23 


The curve for HH3 was spoiled because the rubber tubing joining the culture tube to the 
capillary tube was defective. The production of gas appeared to be as great as in the other 
cultures. 


° 
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Fig. 6. Curves illustrating the effect of the time of addition of nitrite on the duration of the lag 
in gas production. The arrows indicate the time of addition of the nitrite to the culture 
designated. 


This experiment confirms the previous H series. The same inferences may 
be drawn, but may be made more precise. HH5 and HH 6 showed very definite 


growth before the addition of KNO,; yet there was a lag of 44 hours in each 
case between the addition of the KNO, and the rapid evolution of gas. This 
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lag must be attributed to the formation of an intermediate compound. It is 
very remarkable that this same period of lag occurred in HH 3 and HH 4. The 
conclusion can be drawn that in the nitrite-broth culture the normal lag of 
13 hours between the time of inoculation and the appearance of gas was 
made up of a bacterial lag of 8} hours, and a “chemical lag” of 43 hours. 

(b) Concentration of nitrite or nitrate added. A series of similar cultures 
was prepared in equal amounts—about 9cc.—of Difco broth which was 
adjusted before sterilisation to a py value of 8-5. Varying amounts of KNO, 
were added, and denitrification curves obtained at 32° (Fig. 7). The air above 
the broth was displaced by nitrogen so that the only source of oxygen was 
the nitrate. 
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Fig. 7. Curves showing the progressive increase of the lag in gas production with increase in 
initial concentratiun of nitrate. The broken curve illustrates the difference when nitrite is used. 

Table IT shows that the time elapsing before evolution of nitrogen increases 
with the increase in concentration of the nitrate added. The experimental 
facts are accounted for by assuming the duration of the lag phase of bacterial 
growth to be about 8 hours in each culture. The numbers of bacteria then 
increase rapidly, satisfying their oxygen requirements by reducing the nitrate 
to nitrite, and then possibly to hyponitrite. No nitrogen is produced until 
these intermediate reductions have been completed or nearly completed, 
which first occurs of course in the culture with least initial amount of nitrate. 
The other cultures begin to evolve nitrogen in the sequence of their nitrate 
concentrations. 

At the same time as these nitrate-broth cultures were experimented with, 
three nitrite-broth cultures were observed under identical conditions in order 
to test the validity of the following hypotheses. If nitrate is reduced in 
three stages, viz. to nitrite, to hyponitrite, and to nitrogen, and these stages 
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do not occur simultaneously to any great extent so that nitrogen is not 
produced until the first two stages are nearly over, it was expected that 
(i) a nitrite-broth culture would show a considerably shorter lag in gas pro- 
duction than a culture containing an equivalent amount of nitrate. If hypo- 
nitrite is the intermediate compound formed, and if it is not attacked until all 
the nitrate and the nitrite is reduced, it was expected that (ii) a nitrite-broth 
culture would show the same duration of lag in gas production as a culture 
in a broth containing half the equivalent amount of nitrate, because as is 
shown in equations for S4 and S7 below, twice as much oxygen must be taken 
from nitrate as from an equivalent amount of nitrite to produce the hypo- 
nitrite. 

The curve S7 was obtained from one of three cultures, S6, S7 and S8, 
which differed from the others in that 20 mg. of potassium nitrite were added 
and no nitrate. In each of these cultures, 13 hours elapsed before nitrogen 
began to be evolved. 20 mg. of KNO, are equivalent molecularly to 24 mg. 
of KNO,, and it will be noted that the quantity of nitrogen produced by S7 
is only a little less than that produced by S4 which contained 24 mg. of 
KNO,. Whereas, however, S7 produced nitrogen 13 hours after inoculation, 
S4 did not do so until 37 hours had elapsed. The culture $2, which contained 
12 mg. of KNO,, and which therefore required the same oxygen consumption 
to convert the nitrate into hyponitrite as is required in S7 to convert the 
nitrite into hyponitrite, first produced nitrogen 13 hours after inoculation, 
i.e. simultaneously with S87. 

Thus the two expectations were realised, and quantitative evidence is 
produced to show that hyponitrite is formed during nitrate-reduction, and 
that, under the conditions of the above experiments at any rate, no nitrogen 
is evolved until all the nitrate and nitrite is converted into hyponitrite. The 
following equations therefore represent the reductions for the two cultures, 
S4 and S87, before nitrogen is evolved, if hyponitrite be assumed to be the 
product. 

S4 ... 2KNO, — 20, = K,N,0, 
S7 ... 2KNO,— O, = K,N,0,. 


Twice as much oxygen was consumed in S4 as is S7 before nitrogen was 
evolved, and the delay in the production of gas in S4 is explained. 

The extent of denitrification. Calculations were made to determine what 
percentage of the total available oxygen of the nitrate was utilised. It is 
reasonable to suppose that if the concentration of nitrate is very high 
originally, oxygen will not be a limiting factor in the growth of the culture. 
Some other factor may operate to stop the growth before the stage in nitrate- 
reduction that results in liberation of nitrogen is reached. Examples of these 
may be seen in the cultures Z5 and L6, and to a lesser degree in L3, 
mentioned previously. In the equation for the complete denitrification, 


4KNO, — 50, = 2K,0 + 2Np, 











before nitrogen is evolved at all, thus 


for each molecule of oxygen consumed, thus 


(2x + 0-5y)/2-5a. 


Table II. 


Designation of culture S81 S2 S3 

Wt of KNO, in mg. 6 12 18 

Time in hours before nitro- 12 13 18 
gen evolved 

Available nitrogen, x (cal- 0-7 1-4 2-1 


culated)* 


Vol. of nitrogen evolved, y 0-71 1-10 1-47 
tAvailable oxygen (calcu- 1-75 3-5 5-25 
lated) 
tCalculated vol. of oxygen 1-4 2-8 4-2 
consumed before nitro- 
gen evolved 
§Total oxygen consumed 1-75 3°35 4-93 
°% of available oxygen con- 100 96 95 


° sumed 


* All vols. of O, and N, in ce. 


this volume for the nitrates. 


4KNO, — 40, = 2K,N,0,. 
The ratio of the amount of nitrogen evolved to the total quantity in the 
original nitrate determines what fraction of the remaining 20 % of oxygen is 
consumed, because two molecules of nitrogen are evolved in this final stage 
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2K,N,0, — O, = 2K,0 + 2N,. 

The ratio of the oxygen consumed to the total amount available in the 

nitrate may be stated algebraically in terms of the amount of nitrogen evolved 

as follows. If the calculated total amount of nitrogen in a given weight of 

potassium nitrate is x cc., and the amount produced is y cc., then the ratio 

of the amount of nitrogen evolved to the amount in the salt is y/z, but the 
proportion of the oxygen consumed to the total amount available is 


S4 
24 


37 


2-39 
7-0 


§ 2x +0-5y in the case of the nitrates; 2 +0-5y in the case of the nitrite. 


(c) Effect of the initial acidity of the broth. Four cultures, G1, G2, @3 
and G4, were made in nitrite broth buffered with mixtures of phosphate and 


it is seen that 2-5 molecules of oxygen are consumed for each molecule of 
nitrogen evolved. If the reaction does not go to completion, it would be 
‘ incorrect to base the oxygen consumption on the nitrogen produced without 
allowing for the fact that the reaction occurs in stages. This allowance can 
be made by noting that four of these molecules of oxygen are consumed 


8-4 
96 







Table II shows that in each culture the percentage of the available oxygen 
consumed, calculated from the volume of nitrogen evolved, was practically 100. 


S7 
20 (KNO,) 
13 


3-9 
93 


+ This is the calculated volume at 17° and 760 mm. pressure of five-sixths of the oxygen in 
the nitrate, or of three-quarters of the oxygen of the nitrite. 
t Equal to the volume of the nitrogen available in the case of the nitrite, and equal to double 


sodium hydroxide solutions to give initial py, values of 8-2, 8-0, 6-8 and 6-4 re- 
spectively. The thermostat was kept at 27°, and observations of gas production 
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made regularly over a period of 575 hours. Fig. 8 shows the denitrification 
curves, and Fig. 9 shows the rate of denitrification curves for these cultures. 

The final p, values after 575 hours were 9-3, 9-2, 8-7 and 8-2 respectively. 
The phosphate solutions employed as buffers were thus unable to prevent 
the development of alkalinity which always accompanies denitrification. 
Qualitative tests for nitrites (Griess-Ilosvay) showed a trace present in G3, 
but gave negative results for the others. 












2°5) 





2-0 


Volume of gas in cc. 


0 20 40 60 80 400 420 440 460 
Time in hours 


Fig. 8. Curves showing the progressive increase of the lag in gas production with increase in 
tk acidity of the broth. The time scale is abbreviated by omitting the interval from 96 to 
400 hours. 5 
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Fig. 9. The rate of denitrification curves of the & series of cultures calculated from experimental 
readings, some of which are shown in Fig. 8. The time scale is abbreviated as in Fig. 8. 
The amount of gas produced was 2-8, 2-6, 2-1 and 2-8 cc. respectively. 
A rough analysis of the gas in the capillary tube at the end of 575 hours was 
made in each case by passing the gas several times over anhydrous CaCl, 
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and NaOH. Less than 0-1 cc. was absorbed in each case, indicating the 
absence of CO, in amount exceeding 3%; this agrees with more accurate 
analyses [Cranston and Lloyd, 1930] which showed that the gas evolved from 
this organism is pure nitrogen. 

It is seen from the curves that increased acidity causes 

(1) increase in the lag in nitrogen production, viz., 14, 18, 51 and 400 hours 
respectively ; 

(2) diminution of the rate of evolution of nitrogen when once started; 
this implies a corresponding diminution in the rate of increase of bacteria; 

(3) progressive decrease in the maximum rate of gas production (shown 
by the peaks of the curves in Fig. 9), which may be taken to indicate that 
the maximum number of bacteria alive in the medium at any given time 
decreases with increased acidity. 

(d) Effect of temperature. A series of similar nitrite-broth cultures, 71-76, 
was prepared, and the six cultures were incubated at the different temperatures, 
18°, 25°, 30°, 35°, 40° and 45° respectively. 

A thermostat was regulated to maintain a temperature of 40°, and into 
this were immersed up to their necks three thermos flasks containing water 
at 45°, 35° and 30° respectively. The temperature of the interior of a thermos 
flask was so little different from that of its environment that it remained 
sufficiently constant throughout the experiment. Thus these three thermos 
flasks and the thermostat provided constant temperature baths for four of 
the cultures. A second thermostat, regulated at 25°, provided for a fifth 
culture, and the sixth was kept at room temperature in the vicinity of the 
first thermostat where the temperature remained constant at 18°. 

The denitrification curves, which are not reproduced here, gave a series 
similar to those of Fig. 6, and enabled the duration of the lag phase to 
be determined. The results, which were confirmed by being carried out in 
duplicate, were as follows. 


Designation of culture Tl T2 T' T4 75 T6 

Temperature, ° C. 18 25 30 35 40 45 

Time in hours when gas 26 20 17 13 25 None in 
was first produced 50 hours 


The optimum temperature for the growth of this organism under the given 
experimental conditions was thus about 35°. The following were found to be 
the two most marked effects as this temperature was departed from in either 
direction. 

(i) A marked increase occurred in the lag phase. This was specially shown 
at unfavourably high temperatures, for at 45° no gas was produced in 
50 hours. Incidentally, several days after the conclusion of the experiment, 
during which time the thermostat had been at room temperature, the 
culture 7'6 produced gas in normal amount. Thus the temperature of 45°, 
whilst inhibiting growth, had not destroyed the organism. 

(ii) The rate of denitrification became progressively slower [see also 
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Cranston and Lloyd, 1930]. This again.was more marked at higher tem- 
peratures, the rate at 40° being 20 times less than that at 35°. This was 
probably due either to high mortality among the bacterial cells at this 
temperature, or to lethargy induced by this temperature. It may well be 
that at temperatures from 40° upwards, the bacterial cells develop into 
arthrospores and so are able to survive considerably higher temperatures. 


; C. Other phases of bacterial growth. 


It has already been shown that the study by denitrification of the middle 
phases of bacterial growth can only be done with accuracy by using large 
quantities of broth culture and by making observations of volume changes 
at intervals not greater than half an hour. 


1*40 


1°20 





_ 
+. 

° 
Oo 


*60 


Rate of gas evolution in cc. per hour 


18 20 22 24 26 28 30 32 


Time in hours from inoculation 


Fig. 10. A rate of denitrification curve A showing various phases of gas production which may 
be correlated with bacterial growth phases. The curve B is obtained by plotting the 
logarithms of these rates against the time. Two portions of this curve are straight, and 
represent the logarithmic growth phase and the logarithmic death phase respectively. 


An experiment was carried out at 20-7° with 90cc. of a broth culture 
containing 0-25 % KNO,. This was contained in a boiling-tube fitted with 
a rubber stopper through which passed a glass tube connected to the capillary 
tube. After the broth was inoculated, the air above it was replaced by nitrogen. 
Gas began to evolve 17 hours later, and the volume was then measured at 
intervals of about 15 minutes for 12 hours. The average rate of denitrification 
was then calculated over successive periods of about half an hour and plotted 
against the mean time from inoculation. The result is shown in curve 4, 
Fig. 10. The logarithm of the rate of denitrification was also plotted against 
the mean time, and the result is shown by the dotted curve B, Fig. 10. 
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The following phases are shown. 
Logarithmic growth phase ... ses ies from time 19 -21 hrs. 
Phase of negative growth acceleration... s 21 -22-4 
Maximum stationary phase ies ns . 22-4-23-0 
Phase of accelerated death iin bith s 23 -25-5 
Logarithmic death phase... ‘ss ies “ 23-5-27 
Phase of slow decline sic a kd ‘ 27 -29 


From time 29 to 54, the rate of evolution of gas was almost constant at 
0-3 ec. per hour, and then it deceased gradually until the 115th hour, after 
which no further gas was evolved. 

It will be seen that in general the successive phases are of short duration; 
this is probably characteristic of growth in a medium containing nitrite 
because, in addition to the abundance of food supply available initially, oxygen 
is present in the nitrite in a well-distributed assimilable form. This results in 
rapid growth until the oxygen is used up, after which the decline is equally 
rapid. The intermediate phases are thus compressed, and the death phase 
becomes of the type usually associated with the presence of a germicide, 7.¢. 
it is logarithmic. 


D. The changes in acidity of the medium during growth. 


In the reduction of nitrates or nitrites to nitrogen two substances are 
formed which affect the acidity of the medium, viz. CO, and K,O. These, of 
course, influence the pj, value in opposite directions. In the initial stages of 
the reduction, no alkali is formed at all, but oxygen is being consumed and 
presumably is combining with carbon in metabolism. At this stage there is 
a small increase in the acidity, the minuteness of which indicates that only 
a small proportion of the oxidised carbon is liberated into the broth as 
dissolved carbon dioxide; certainly no appreciable amount of CO, escapes in 
the gaseous state. At the later stage of the reduction, when nitrogen is 
evolved, K,O is liberated, and forms KOH. The broth then rapidly becomes 
alkaline. 

In pure aqueous solution the reduction of nitrate to nitrite results in 
considerably increased alkalinity, due to the hydrolysis of the nitrite. In 
broth, however, owing to its buffer action, the change in p,, for this reduction 
is found to be only 0-05, which is negligible compared with the other changes. 

The following is a summary of many observations that have been taken 
on the changes in the acidity of a broth during the growth of a culture. 

(i) In absence of nitrites or nitrates. When a sub-culture of Organism XIV 
is made into a broth of initial p, 8-5 and free from nitrates or nitrites, the 
growth of the culture is accompanied by a slight increase in acidity to a py 
of about 8-2. After the usual phases of growth and decline have been com- 
pleted, the senescent culture slowly, over a period of a few weeks, restores the 
medium to a py of about 8-6. 
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(ii) In presence of KNO,. In a nitrite-broth culture of py 8-5, there is 
at first a slight increase in acidity, but when nitrogen is evolved, the py 
rapidly increases to a value of about 9-3. The final value depends on the 
initial concentration of the nitrite, for the greater the concentration up to 
(0-25 °% the nearer to 9-3 is the final value. 

(iii) In presence of KNO,. In a nitrate-broth culture, the py first falls 
to 8-0, and then attains a final value of 8-2 to 8-8 according to the initial 
concentration of the nitrate. The lower final py, value attained with nitrates 
as compared with nitrites is explained by the greater amount of oxygen 
available in the former (and consequent greater production of carbon dioxide) 
for the same amount of nitrogen produced. 


Summary. 
1. The phases in gas production by actively denitrifying cultures have 
been studied by continuous measurements of the rate of gas production. 
2. The conditions under which such rates of gas production can be directly 
correlated with rates of growth are discussed. 


3. Some of the factors determining the duration of the lag phase of 
growth in organisms are considered. 


4. By varying the amount of nitrate or nitrite experimentally, it is de- 
monstrated that these substances are completely converted into some inter- 


mediate compound, which it is suggested is hyponitrite, before nitrogen is 
produced. 

5. It is shown that one of the important factors in determining whether 
gas is produced or not, ¢.e. whether true denitrification occurs or not, is the 
initial concentration of the nitrate or nitrite. 


6. The effect of temperature on growth is investigated. 


7. In the interpretation of denitrification curves in terms of bacterial 
growth, it should be remembered that when all the factors are favourable to 
growth, the presence of nitrate or nitrite is specially conducive to rapid growth 
because oxygen is thus furnished throughout the medium in a most accessible 
manner. The multiplication of bacteria is therefore specially rapid as long as 
these substances last, after which the decline in the culture may be abnormally 
rapid, lack of oxygen being the principal limiting factor. 


The above work was carried out in part at the Millport laboratory of the 
Scottish Marine Biological Association. Thanks are due to the Superintendent, 
Mr R. Elmhirst, for the facilities placed at the disposal of the authors. 
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LXII. THE PRODUCTION OF HYDROGEN 
SULPHIDE BY ANIMAL TISSUES. 


By EMMA SLUITER. 
From the Physiological Laboratory of the University of Amsterdam. 


(Received February 21st, 1930.) 


De Rey PatLHavDeE [1888] demonstrated that yeast and various animal 
tissues could reduce sulphur to hydrogen sulphide, and ascribed this activity 
to the presence of a specific constituent which he called philothion. His views 
as to its precise nature have several times undergone change, but at one time 
at least [1894] he ranked it as an oxidation ferment. The view that an enzyme 
is concerned in the phenomena has been contested, among others, by Abelous 
and Ribaut [1903], and especially by Heffter, who [Hefiter and Hausmann, 
1904, 1908] decided that the reducing action of organs on sulphur depends upon 
the influence of SH groups. Heffter, as is well known, developed views which 
attached great importance to the thiol group of cysteine in the respiration of 
tissues. 

Strassner [1910] showed that the presence of SH plays a part in the re- 
duction of methylene blue by the tissues; but the extensive experiments of 
Thunberg and his colleagues, as well as those of other workers, have demon- 
strated how large a part is played by the dehydrogenases in the reduction of 
substances such as methylene blue. On the other hand, Hopkins [1921, 1922, 
1925] finds that dehydrogenases in the presence of their substrates do not 
apparently reduce cystine or oxidised glutathione. The power of the tissues to 
reduce these depends upon other factors. It would seem of interest to decide 
whether nevertheless these enzyme systems can reduce free S itself. While it 
is certain that the presence of SH groups is largely responsible for the pro- 
duction of H,S from S it is not yet certain that enzyme activity, calling upon 
other sources of hydrogen, takes no share in the process. 

To decide this point was the aim of the present investigation. Experiments 
have been carried out to determine (1) whether the same proportionate re- 
lation exists between the amount of SH in the tissues and the amount of the 
H,S produced therefrom as obtains when solutions of pure glutathione are 
similarly treated; (2) the influence of temperature and py on the process; 
(3) the influence of H-donator concentration; and (4) the effect of adding a 


dehydrogenase. 
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METHODS USED. 


It is well known that a solution of H,S, made acid with HCl, gives, on the 
addition of dimethyl-p-phenylenediamine sulphate and a small amount of 
ferric chloride, methylene blue. Upon this reaction a colorimetric method for 
the estimation of H,S may be based. In applying this method in my own 
experiments I have employed not a colorimeter, but an extinctiometer as 
described by Moll. The procedure will be clear from the diagram (Fig. 1). A 
source of light (a 4-volt lamp) is placed between two thermopiles. Between the 
lamp and pile I is placed a trough containing the solution of which the heat 
adsorptive capacity is to be tested; between pile II and the lamp is placed an 
exactly similar trough containing water. The amount of heat which reaches 
the respective thermopiles and the corresponding potential produced varies 
of course with the adsorption exerted by the interposed solutions. The ad- 
sorption of the methylene blue solution under study is thus balanced against 
pure water as a control. The thermopiles are connected with a galvanometer 
as shown. AB and CD are symmetrically disposed resistances and the latter 
being adjustable is employed as a compensator. 


Thermopile Liquid Water Thermopile 


AY 


Fig. 1. Extinctiometer. 

The apparatus is first adjusted by placing the lamp in such a position that 
both piles receive the same amount of radiation when both troughs are filled 
with water and the resistances equal. The galvanometer then registers no 
current. When in trough I the water is replaced by the coloured solution there 
is greater heat adsorption and the consequent diminution of the current from 
pile I is registered by the galvanometer. Equilibrium is then restored by shift- 
ing the contacts of CD. Decrease of the distance between C and D is propor- 
tional to a decrease in the thermoelectric current from pile II. The reading in 
ohms on the scale of CD gives, when the apparatus is calibrated, a direct 
measure of the concentration of methylene blue in trough I. 

In order to test the method, varying known concentrations of methylene 
blue were placed in trough I and the readings on the compensator scale were 
plotted against these. Duplicate determinations agreed well (Table I) and the 
results yielded a smooth curve (Fig. 2). 
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Table I. 


cc. of 
methylene blue sol. 
in 20 cc. water 
0-25 
0-50 
1-00 
2-00 


0123 4 5 67 8 9 10 11 12 13 14 15 16 17 18 19 20 21 
cc. methylene blue 1/5000 in 20 cc. 


Fig. 2. Extinction curve of methylene blue. 


There is, however, no relation between the extinctiometric values of 
solutions of pure methylene blue and the solutions containing HCl as prepared 
from H,S on the lines described. The spectrum of methylene blue has two bands 
in the red while that of its hydrochloride has but one; that on the boundary 
between red and yellow being absent from the latter. The colour of a solution 
containing HCl has therefore an element of orange. Since yellow absorbs more 
heat than violet less heat is transmitted by a given concentration of methylene 
blue when HC1l is present. 

The results given in Table II show this effect, the figures being given in the 
form of the compensator readings. It will be seen that the reagents added for 
the production of methylene blue from the H,S have only a negligible heat 
absorption. 


Table II. 


Methylene blue 
1/5000 Water HCl. Reagents 
ce. ce. ce. ce. Ohms 

10-5 0 0 19-6 

8 2 0-5 29-9 

8-5 2 0 29-0 
10 0 0-5 20-3 
13 2 0-5 0-7 


Canna 


In order to calibrate the apparatus for use it was therefore necessary to 
construct a curve from methylene blue solutions as obtained by adding the 
reagents to H,S solutions of known concentration, the procedure being the 
same as in the actual experiments. The H,S solutions were made by diluting 
a solution very accurately titrated with iodine. The curve thus obtained is 
given in Fig. 3. 
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As a further test of the consistency of the results determinations by the 
method were made on each of two solutions which were then mixed, and 
determinations again made on the mixture. It will be seen (Table III) that the 
results are consistent. 


28 


9 
é 


4 
22 


20 


Ohms 


0-2 04 06 08 10 12 14 16 18 20 22 24 26 28 30 32 34 
mg. H,S 
Fig. 3. Calibration curve for H,S. 


Table ITI. 


H,S deter- 

H,S mined in 

Solution estimated Average mixture 
mg. mg. mg. 


0-62 a 
019 0-405 0-42 


0-91 79 7 
0-53 0-72 0-74 


0-81 . 
1-28 , 1-05 


0-28 ; 
ae 0-20 0-20 


0-09 7 = 
O08 y 0-07 0-065 


A number of experiments were made to determine the effect of temperature 
changes upon the result. It was found that within the ordinary range of room 
temperatures the effect was small though not negligible. It is best to work 
near to the temperature at which the apparatus is calibrated. Keeping the 
methylene blue solutions for 24 hours before making the estimation was found 
to have no effect upon the results. 


THE YIELD OF H,S WHEN SULPHUR IS BROUGHT IN CONTACT WITH 
GLUTATHIONE. 


Hopkins has mentioned incidentally that reduced glutathione when shaken 
with sulphur yields H,S. I have to thank Sir F. G. Hopkins for a supply of that 
substance sufficient for the following experiments. 
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I first set out to determine whether the thiolpeptide yields amounts of 
H,S proportionate to the concentration of SH in solution. Solutions of various 
concentrations were made, the SH being determined by titration with N/100 
iodine. The py of all solutions was adjusted to 7-6. To each was added a 
measured quantity of a 2 % solution of colloidal sulphur. The solutions were 
placed in bottles which were evacuated and placed in a thermostat for 2 hours. 
At the end of a given period the H,S was in each case drawn over by a stream 
of air which had been washed through lead acetate solution into a known 
volume of V/10 NaOH. To the solutions thus obtained NV/10 HCl was added 
in amount equivalent to the NaOH employed. Concentrated HCl (2 cc.) was 
then added, 0-5 cc. of the solution of dimethyl-p-phenylenediamine sulphate, 
and finally two drops of ferric chloride solution. Estimations of the methylene 
blue so obtained were made in the extinctiometer apparatus (Table IV). The 
first two solutions were colourless. 


Table IV. 


SH in H,S SH in HS 
solution produced solution produced 

(mg.) (mg.) (mg.) (mg.) 

1-52 0 3-04 0-24 

1-88 0 4-86 0-60 

2-43 0-14 5-25 0-63 
The production of H,S appears to require a certain minimum of SH before 
it becomes evident. The remaining figures are few, but if plotted they show a 
linear relation and suggest that 1 mg. SH after 2 hours’ contact of the gluta- 


thione with sulphur yields 0-2 mg. H,S. 


THE RELATION BETWEEN SH-CONTENT OF TISSUES AND H,S 
PRODUCTION WITH SULPHUR. 


The literature contains a large number of estimations of the SH content of 
tissues. It would take, however, too much space to summarise them here. 
The following figures were obtained by me in the course of this research, using 
Tunnicliffe’s method [1925]. They are average values and are given in terms 
not of glutathione, but of SH (mg. per 100 g. tissue). 

Liver : (cow) 36-4; (dog) 52-5; (rabbit) 45-1. 
Kidney: (dog) 24-5; (rabbit) 21-6. 

Thymus: (calf) 35-2. 

Lung: (cow) 17-2; (dog) 9-5. 

For the estimation of the yield of H,S by tissues in contact with sulphur 
the same technique was employed as that described above. Under the 
circumstances of these experiments the tissues without added sulphur yielded 
no H,S (Tables V and V1). 

Liver was chiefly employed. In the case of smaller animals this was the 
only organ yielding enough material for a series of observations, and it easily 
yields uniform preparations. The degree of subdivision of a tissue is not without 
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effect upon the rate of H,S formation. All values given represent the mean of 
two determinations; if these differed by more than 10%, the result was 
rejected; the difference was usually much smaller. 

The urethane narcosis consisted in the injection intraperitoneally of a 
25 % solution of urethane in water, 4 g. per kg. 

The relation between amount of tissue (or amount of SH contained in it) 
and H,S evolved is in all cases strictly linear. 


Table V. 


Weight of tissue SH content H,S evolved 


Exp. no. (g.) (mg.) (mg.) 
1 Liver 0-5 — 0 
1-0 — 0-38 
1-5 — 0-81 
2-0 — 1-23 
2 Liver 0-5 — 0-74 
1-0 — 1-38 
1-5 — 2-00 
3 Liver 0-5 1-16 0 
1-0 2-32 0-46 
1-5 3-48 1-06 
2-0 4-64 1-73 
4 Kidney 0-5 1-03 0 
1-0 2-06 0-47 
1-5 3-09 0-80 
2-0 4-12 1-04 
5 Liver 0-5 0-88 0 
1-0 1-76 0-34 
1-5 2-64 0-64 
2-0 3-52 0-90 


Further experiments were carried out upon various organs from different 
animals in order to determine the yield of H,S from the existing concentration 
of SH in the tissue in question (Table VI). 

If in these experiments only the amount of SH and the quantity of H,S 
produced be considered, it will be evident that no parallelism or regularity is 
shown. This is in agreement with the statements of Hausmann. 

In order to compare organs concerning their production of H,S, experi- 
ments were carried out with the organs of the same animal, yielding the results 
given in Table VII. 

For the comparison of the H,S production per 1 mg. SH of the different 
organs, the experiments in which the animal was not narcotised are the most 
reliable. These also show that the values are not in agreement (Table VII). 

From the figures the conclusion may be drawn that organs from larger 
animals such as the cow, dog and pig produce less H,S than organs from small 
animals. 

Hopkins [1921, 1922, 1925] finds in the tissues of small animals in all 
circumstances a higher reducing power than in the tissues of larger animals. 

These experiments show that a marked difference exists between the H,S 
formation by tissues and by reduced glutathione. The action of microbes can 
be excluded in the first case, for toluene was added and the period was too 
short. The rate of H,S production was measured by starting a series of equal 
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Table VI. 


Lune. 
Remarks 


Cat, organ fresh, no narcosis 

Rabbit, organ 1 day old, 1 hour ether narcosis 
Rabbit, organ 1 day old, 1 hour ether narcosis 
Rabbit, organ 1 day old, urethane narcosis 
Rabbit, organ 1 day old, urethane narcosis 
Dog, organ 1 day old, 2 hours’ ether-chloroform narcosis 
Rabbit, organ 1 day old, 1 hour ether narcosis 
Dog, same as in exp. 7 

Rabbit, organ fresh, no narcosis 

Cow, organ 1 day old 

Cow, same as in exp. 11 

Cow, organ 2 days old 


Liver. 


Rabbit, organ 1 day old, 1 hour ether narcosis 
Cat, organ fresh, no narcosis 

Rabbit, organ 1 day old, urethane narcosis 
Rabbit, organ 1 day old, 1 hour ether narcosis 
Rabbit, organ 1 day old, ether narcosis 
Rabbit, organ fresh, no narcosis 

Rabbit, organ 1 day old, narcosis? 

Rabbit, organ 1 day old, 1 hour ether narcosis 
Dog, organ 1 day old, ether-chloroform narcosis 
Rabbit, organ 1 day old, narcosis? 

Rabbit, organ 1 day old, narcosis? 


Kqpney. 


Rabbit, organ 1 day old, urethane narcosis 

Rabbit, organ 1 day old, 1 hour ether narcosis 
Rabbit, organ 1 day old, 1 hour ether narcosis 

Cow, organ fresh 

Rabbit, organ 1 day old, ether narcosis 

Cat, organ fresh, no narcosis 

Dog, organ 1 day old, ether-chloroform narcosis 
Rabbit, organ fresh, no narcosis 

Dog, organ 1 day old, 4 hours’ ether-chloroform narcosis 
Dog, organ 1 day old, $ hour chloroform narcosis 
Dog, organ 1 day old, 4 hours’ ether-chloroform narcosis 
Pig, organ 3 days old 

Pig, organ fresh 

Dog, organ 1 day old 

Cow, organ 2 days old 

Pig, organ 2 days old 

Pig, organ 1 day old 


THYMUs. 


Calf, organ 1 day old 

Calf, organ fresh 

Calf, organ 5 days old 
Calf, organ 1 day old 

Calf, organ 1 day old 


SPLEEN. 


Cow, fresh 

Cow, organ | day old 
Cow, organ 2 days old 
Cow, organ 1 day old 
Rabbit, fresh, no narcosis 
Cat, fresh, no narcosis 





















































Exp. no. 
1 


2 


or 


produced. 


Organ 
Kidney 
Lung 
Liver 
Kidney 
Lung 
Liver 
Liver 
Kidney 
Lung 
Lung 
Liver 
Kidney 
Lung 
Brain 
Liver 
Lung 
Kidney 
Spleen (1-5 g.) 
Liver 
Kidney 
Lung 


mg. H,S 
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Table VII. 


mg. H,S to 


mg. SH mg.H,S 1mg.SH Remarks 
1-34 0-73 0-54 Rabbit, 1 hour ether narcosis 
1-23 0-48 0-39 
3-17 0-60 0-19 Rabbit, urethane narcosis 
1-57 0-13 0-082 
1-79 0-95 0-52 
1-59 0 0 Rabbit, 1 hour ether narcosis 
6-38 0-61 0-095 
1-51 0-72 0-47 
1-60 0-87 0-54 
0-80 0 0 
3-21 0-28 0-087 
1-65 0-50 0-303 
1-15 0-09 0-078 
5-14 0-90 0-175 Rabbit, no narcosis 
4-32 0-82 0-189 
3-50 0-68 0-194 
2-19 1-07 0-488 
1-64 1:35 0-823 Cat, no narcosis 
1-70 0-71 0-419 
1-20 0-40 0-333 


quantities of tissues and measuring the amount of H,S produced after a certain 
time. The curves of Fig. 4 show some examples: in the first hour or the first 
half hour much H,S was produced, and the longer the period the less was 


320 
300 
280 
260 
240 
220 





0 °9 1°0 1*5 2-0 


Hours 


Fig. 4. Rate of production of H,S by liver. 


VI Liver (cat) diluted. 


I Liver (cat) 1-56 mg. SH per 1 g. 


II Liver (cat) 1-83 ra 
III Liver (dog) 3-58 ‘ 
IV Liver (cat) 1-16 ‘> 


V Liver (cat). 
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Various factors which might throw light on the nature of the action were 
now investigated. 
Temperature. 


The tissues were treated in the usual way by rasping or cutting. The 
quantities were weighed and the bottles were placed in the boiling water-bath. 
The temperature in the bottles averaged between 70 and 80°. The amount of 
SH was also determined in heated and non-heated tissue by Tunnicliffe’s 
method. The coarseness of the tissue is important for the decrease in SH. The 
duration of heating also is of influence. The tissue used for H,S production 
must always be of equal fineness (Table VIII). 


Table VIII. 
mg. SH mg. HS 
1 g. liver, not heated 4-15 2-10 
10 min. at 70-80° 3-05 1-10 
2 g. liver mixture, not heated 2-9 0-69 
5 min. at 70-80° 2 0-45 
10 min. at 70-80° 0-70 0 


In an SH solution obtained by treating tissue with trichloroacetic acid the 
amount of SH decreased in the same way in proportion to duration of heating 
and to temperature (Table IX). 


Table IX. 
ec. N/100 Iodine 
5 cc. SH solution, determined immediately 0-95 
after 5 min. at 70—80° 0-83 
after 10 min. at 100° 0-71 


The H,S production therefore is decreased by heating and dissolving, 
because the SH group is decomposed. This can be demonstrated in a simple 
way, by bringing together the solution, or the tissue rasped and diluted with a 
buffer solution, and sulphur in a bottle and introducing a lead acetate paper. 
The bottle is evacuated and placed in boiling water. The longer the bottle 
remains in water, the more H,S is produced, and the SH content of the tissue 
or solution decreases. In one case 3 cc. SH solution contained 2-76 mg. SH 
when not heated; after boiling for 8 minutes, 2-16 mg.; in another case the non- 
heated SH solution contained 1-2 mg. SH; after boiling for 8 minutes it con- 
tained 0-75 mg. The same is true for tissues. When 1 and 2-1 cc. of tissue with 
lead paper are placed in boiling water for 1 and 2 minutes copious production 
of H,S is noticed. When the same quantities without lead paper are heated for 
the same length of time and the lead acetate paper afterwards introduced, and 
the bottles then evacuated and placed again in boiling water for 1 and 2 minutes, 
H,S production is still evident in the first case, but not in the second. The SH 
had therefore been decomposed by heating. Abelous and Ribaut also observed 
a temporary increase of H,S production on heating. 





558 E. SLUITER 


Tissue yields H,S on boiling only when § is added. 

The rates of decrease of SH groups and of H,S production are not pro- 
portional, as the H,S production decreases much more rapidly. This agrees 
with the observation of Tsubura [1925] and Meyerhof [1926, 1928]. 


Influence of py. 


In my experiments I used buffer solutions of primary and secondary phos- 
phate (Clark). Equal quantities of tissue were brought together with 1 cc. 
of a phosphate buffer solution (Clark). 

Some of the results obtained are shown in Fig. 5. The absolute heights of 
the curves are not comparable, but this is unnecessary since, as remarked 
already, the duration of the experiments varied. From these curves may be 
deduced that generally H,S production does not take place in a system at 
Pu 4. With increasing alkalinity H,S production starts or increases and reaches 
its maximum at py 7:8. If the alkalinity increases still more the production 
decreases again. No error is caused by absorption of H,S by the buffer. 





Pu 
Fig. 5. Influence of py on H,S production of tissues. 


2 Liver 0-61 mg. SH. 
3 Liver 0-61 re 

4 Kidney 0-845 __,, 

6 Kidney 1-66 __,, 

7 Kidney. 

10 Liver. 


Influence of H-donators. 


Concerning glutathione, Hopkins [1922] states that neither succinate nor 
citrate accelerates the reduction of glutathione. Reduced glutathione does 
not act as a H-donator in Thunberg’s sense. This is deduced by Hopkins 
from equilibrium determinations in which no relation could be found between 
the quantity of methylene blue reduced and the quantity of H-donator changed. 
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In preliminary experiments I used a 1 % solution of potassium succinate 
and observed that this caused the H,S production in various organs to increase 


(Table X). 
Table X. 
mg.SHto mg. H,S 
lg. tissue produced 


4 g. lung tissue 3-32 0-15 
+lec. 1% K, succinate 3°32 0-51 
' 1 g. liver 3°17 0-69 
+lcc. 1% K succinate 3°17 1-13 
1 g. liver — 1-65 
+lec. 1% K succinate ~- 1-73 
l ce. kidney mixture 0° 0 
+lec. 1 % K succinate 0-6 0-27 
2 g. kidney 0-29 
+lec. 1 % K succinate -- 0-44 
1 g. lung “64 0-58 

+lcc. 1 % K succinate “64 0-02 

2 g. kidney ~~ 0-29 

+lec. 1 % K succinate -- 0-47 

5 g. spleen 11-30 0 

+lecec. 1 % K succinate 11-30 0-23 

Those preliminary experiments therefore show, contrary to the results of 
Hopkins obtained with glutathione, that H,S production is influenced by 
hydrogen donators. If the tissue alone produces a relatively large amount of 
HS the effect of adding a hydrogen donator is smaller than in a case in 
which the H,S production as such is slight. The experiments cannot be com- 
pared quantitatively since the times were not the same. 

It is possible that the greater or less effect of the added hydrogen donator 
is dependent on the amount of natural hydrogen donator contained in the 
tissue at the moment of the experiment. 

In addition to succinate, tartrate, citrate and malate were also investi- 
gated. Thunberg [1918, 1920] obtained with these salts an acceleration of the 
decoloration of methylene blue and drew the conclusion that they might act as 
hydrogen donators. The solutions used by me were 0-1 N accurately neutralised 
to phenol red at py 7-6. To the tissue 1 cc. of the donator was added. 

The quantity of H,S produced was compared with the quantity produced 
by tissue + 1 cc. phosphate buffer at py 7-6 or with 1 cc. water at py 7-6 
(mixture of tap water at p, 7-8 and distilled water at py 6-2) (Table XI). 


Table XI. 
mg. H,S 

a a aw 
lec. V/10 tartrate + tissue 0-215 0-41 —- 0-97 
lec. V/10 citrate +tissue 0-79 70 . 1-07 0-90 2-42 
lec. V/10 malate +tissue 0-19 +32 0-45 0-32 0-91 
1 cc. N/10 succinate + tissue 0-21 , , = — 0-835 
lg. liver +lcc.bufferpy 7-6 0 , 0-37 0-13 — 
1 g. kidney +1 ce. buffer py 7-6 — — — 0-68 

Tartrate, malate and succinate have apparently an equal ability to act 
as hydrogen donator, but citrate yields without exception a much larger H,S 


production. Controls without tissue gave negative results. 
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If only the hydrogen directly combined with C acts as a donator, as 
Thunberg assumes, the larger number of H atoms (4 in citrate and succinate, 
2 and 3 in the tartrate and malate) cannot be the cause. But it is possible that 
the H of the OH group in citric acid is more mobile than the H in the OH 
group in malic and tartaric acids. It is remarkable that Tsubura was not 
able to demonstrate this action of citrate, but observed a renewed power of 
reduction in washed muscle pulp after adding potassium succinate. 

The few experiments carried out by me with reduced glutathione and 
hydrogen donators also showed an increased H,S production (Table XII). 


Table XII. 
mg. SH 
Glutathione + buffer solution (py 7-6)+S 0-04 
+citrate V/10 +8 0-18 
+ buffer solution (py 7-6) +S 0-35 
+succinate NV/10 +8 0-42 
In order to investigate the influence of the concentration of the hydrogen 
donator various dilutions of citrate and malate were used. 
M/10 citric acid (21-01 mg. to 1 cc.) 
M/10 malic acid (13-4, «,, ) 
From both solutions 5 dilutions were prepared, from the citrate 10-5, 5-25, 
2-625, 1-31 and 0-65 mg., from the malate 6-7, 3-3, 1-65, 0-82 and 0-41 mg. 
in 1 ce. 


160 
1-40 
1*20 
1-00 
2» 0°80 
0-60 
0-40 
012 3 4 5 6 7 8 10 11 12 13 14 15 16 
Concentration of malate; mg. per cc. 


Fig. 6. Effect of malate as H-donator. 


The curves (Figs. 6 and 7) show the H,S production in these concentrations 
with different tissues. In the first place the steeper course of the curves 
after adding citrate is remarkable, 7.e. the increased H,S production in com- 
parison with that after adding malate. 

In the second place it is evident that, if the tissue as such has produced 
much H,S, adding a small amount of donator has little or no influence. 

Thirdly, both donators, but citrate more clearly than malate, show a 
decrease in H,S production when the donator concentration is increased. The 
curve is parabolic. The optimum activity is situated at 6/20 M to 1/10 M for 
both salts. 
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A single experiment was made with citrate at higher concentration, which 
showed that the largest amount of H,S was liberated at such a concentration 
(Table XIII). 

An inhibition of H,S production by adding donator was never observed 
if the py were carefully adjusted. 


Table XIII. 


mg. citrate mg. SH 
1 g. liver +1 cc. buffer py 7-6 0 1- 
liver + citrate M/2 100-5 
liver + citrate diluted x 2 50-25 
liver + citrate diluted x 4 25°15 
liver + citrate diluted x 8 12-6 


Influence of dehydrogenase. 


In order to investigate the influence of dehydrogenase on the H,S pro- 
duction of tissues a solution was prepared by Ohlson’s method [1921]. 0-5 to 
1 kg. of lean horseflesh, freed from fat and fascia, was ground three times and 
washed with 0-25 % NaCl solution until colourless, filtered through a cloth 
and pressed. The residue was shaken for an hour with an equal volume of 
2-4 9, NagHPO, solution and centrifuged. 


TTS ES 6 TBD 10 1112 15 14 15 16 17 18-19-20 21 22 
Concentration of citrate; mg. per cc. 


Fig. 7. Effect of citrate as H-donator. 


The enzyme solution had a much lower activity in presence of sulphur than 
tissue and also gave a much fainter nitroprusside reaction. In these experi- 
ments I used Thunberg bottles in which a lead acetate paper was placed, the 
bottles being left in the thermostat for 20 hours. These experiments were not 
quantitative but the difference in hue of the lead papers afforded an ap- 
proximate indication. 

1. Temperature. Heating at 65° for 10 minutes has little influence (in spite 
of the fact that according to Thunberg all dehydrogenases are inactivated at 60°). 
If the tubes be placed in boiling water after evacuation and introduction of the 
lead acetate paper, the papers are immediately coloured black; as in the case 
of tissue boiling causes much H,S to be produced quickly, the quantity of SH 
is exhausted and therefore after boiling but little H,S can be produced. 
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larger, sometimes smaller, than at py 7-6. At py 8-3 the H,S production is 
positive but less marked. 

3. H-donators. As is the case of the tissue experiments addition of citrate 
promotes H,S production. Succinate also promotes H,S production. The 
effect of adding hydrogen donators is only evident if the enzyme solution be 


2. Effect of py. A marked H,S production was observed at py 5, sometimes 


not too concentrated. 

Those experiments show that the enzyme (dehydrogenase) solution used had 
the same activities as tissue or glutathione but to a much less pronounced 
extent. 

If the enzyme solution be added to normal tissue, little increase in H,8 
production can be noticed in 1 to 1} hours. 


SUMMARY. 


1. Three different sources of SH have been used. 
1) Tissues. 

2) SH solutions (glutathione or organ extracts). 
3) A dehydrogenase solution. 

All these sources yield H,S after addition of 8. In reduced glutathione, as 
well as in tissue, H,S production is during a certain time directly proportional 
to the quantity of SH present. Since all tissues contain SH, the H,S production 
can be explained undoubtedly by the purely chemical process: 

2G.8SH + 8 = G.S.8.G. + IIS. 
The H,S production by tissues is much more marked than by the pure SH 
compound, when both contain the same amount of SH. This is not necessarily 
due to enzyme activity, but can be explained by the possibility that the SH 
group in tissues is more active than in the pure compound. Catalytic factors 
(iron catalysis, as mentioned by Warburg and Sakuma) may play a more im- 
portant part in the tissues than in the pure SH preparation. 

A solution of dehydrogenase (an enzyme which may be expected to yield 
H,S when brought together with 8) produces very little H,S. If the enzyme 
be added to normal tissue no increase in H,S production results. It is 
a remarkable fact that the organs of small animals have a higher ability to 
produce H,S than those of large animals, the amount of SH being the same. 
2. With all three sources of SH the influence of various factors was 


( 
( 
( 


investigated. 

(1) Temperature. Increase of temperature, even up to boiling point, results 
in promotion of H,S formation and decrease of the SH content of tissue. This 
phenomenon cannot be explained by enzyme activity; on the contrary, an 
enzyme should be destroyed at 100°. If the H,S production of heated tissue 
is determined, it appears that the H,S production decreases more quickly than 
the SH content. The heating therefore probably affects the other factors that 
are concerned with H,S production. 
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(2) py. In a strongly acid or alkaline system the H,S production is small 
or nil. The optimum is at about the neutral point. This holds for gluta- 
thione as well as for tissues and enzyme solutions. 

(3) H-donators. Addition of H-donators results in an increase of H,S 
production. If the tissue as such is able to produce a large amount of H,S 
with 8, the addition of H-donators is of little effect. Citrate gives rise in all 
three cases to the largest increase in H,S production. The donators have an 
optimum concentration between M/10 and M/20. 

3. Since H,S production may take place under circumstances in which 
enzymes are inactive and since an enzyme solution does not produce more 
H,S than corresponds with its content of SH, I believe the conclusion to be 
justified that H,S production in living tissue after addition of sulphur is not 
due to enzyme activity. 
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LXIII. AREDETERMINATION OF THE TITRATION 
DISSOCIATION CONSTANTS OF ARGININE AND 
HISTIDINE WITH A DEMONSTRATION OF THE 
ZWITTERION CONSTITUTION OF THESE 
MOLECULES. 


By THOMAS WILLIAM BIRCH anp LESLIE JULIUS HARRIS. 


From the Biochemical Laboratory, Cambridge. 
(Received February 28th, 1930.) 


WE were prompted to undertake the present redetermination by the con- 
sideration that certain values recently put forward are in serious conflict with 
those previously accepted. (1) In the first place, Simms [1928] has given con- 
stants for arginine, and, although he presents no experimental evidence in 
their support, and notwithstanding the fact that they diverge widely from 
earlier values, he nevertheless uses them as the basis for postulating that 
arginine exists in protein in the form of some unknown precursor, termed 
““prearginine.”” We do not propose to discuss here the validity of Simms’s 
assumption that a knowledge of the p, value of a given group in an amino-acid 
enables one as yet to fix its value when it is combined in a complex protein 
molecule. Our purpose is merely to record results which confirm the earlier 
constants as opposed to those used by Simms. (2) In the case of histidine, 
Hirsch’s [1924] values and curves differ from Harris’s [1923, 1] conclusions in 
showing only one acid and one basic group instead of one acid and two basic 
groups. Further, the magnitude of the two py, constants given by Hirsch are 
not in particularly good agreement with the earlier values. In our redeter- 
mination we have confirmed the earlier conclusions, both as to the orders of 
magnitude, and also the number, of the constants. The issue is of some 
interest because several workers have made use of Harris’s description of 
tyrosine and histidine as diacid-monobase and dibase-monoacid ampholytes, 
respectively, to account for the acid- and base-binding power of proteins [e.9. 
Greenberg and Schmidt, 1924; Cohn and Berggren, 1925]. 

While carrying out the redeterminations we also proceeded to obtain 
experimental evidence of the zwitterion constitution of arginine and histidine. 
I. ARGININE. 

From conductivity measurements of arginine salts, Kanitz [1906] first 
attempted to calculate the ionisation constants; but, “as pointed out by 
Harris [1923, 1], Kanitz’s tabulation of his results contains misprints which 


completely distort some of his actual conclusions” [Hunter and Borsook, 
1924], two out of the three constants being incorrectly set out. Harris 
[1923, 1], from a revision of the conductivity data of Kanitz, as well as his 
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own colorimetric, electrometric and p,-end-point determinations, described 
the predicted titration curve, consisting of two well separated components 
having mid-points at py 2-3 and 9, plus a third value in an inaccessibly alkaline 
zone approaching py 13-14; later a direct titration curve led him to the very 
accurately calculated value of 2-17 for the first component [Harris, 1925]?. 
Hunter and Borsook [1924] and also Hirsch [1924] obtained titration curves 
giving py values very similar to the above, viz. 2-17, 9-10 and 12-84; and 2-07, 
9-18, —, respectively. Simms [1928], on the other hand, has cited values of 
2-29, 9-64, and 8-15, the last being described as relating to the —NH group. 


EXPERIMENTAL. 


1. Titration in water. 


Several specimens of free arginine base, from two different sources, were 
used and the technique employed was that described in earlier papers [Harris, 
1923, 1, 2; 1925], which has since been generally adopted for determining 
dissociation constants in place of conductivity and other methods. The arginine 
was dissolved in water at approximately 0-1 WN dilution and placed in the small 
specimen tube which was employed as titration vessel, and in which an atmo- 
sphere of hydrogen sufficed to prevent any absorption of CO, in the alkaline 
zone of the determination. The vessel was placed in a large box electrically 
regulated to a constant temperature, py measurements being made by use 
of the following: hydrogen electrode of the Hildebrand-Cole pattern, saturated 
calomel half-cell, agar-KCl bridge, and Cambridge and Paul portable potentio- 
meter. As absolute standard 0-1 N hydrochloric acid was adopted, for which a 
Px Value of 1-07 was assumed; and the calomel cell was standardised against it. 
In order to diminish the magnitude of the blank correction in the titrations, 
and hence increase the accuracy of the determination [Harris, 1923, 1, p. 460], 
N HCland NaOH were used rather than 0-1 N, with a microburette graduated 
in 0-01 ce. 

From the py resulting after each addition of NaOH or HCl, p, values were 
calculated by the Henderson-Hasselbalch approximation equations, as modi- 
fied to allow for the blank correction for free NaOH or HCl [Harris, 1923, 1]. 

Na) —[OH-1/ 
Px = Px — log aaa ae 
Px = Pu + log roa anit al tay" 

Each value of y, required in solving the above formula, was calculated on 
the basis of the total concentration of sodium (or chloride) present at the 
reading in question, and was arbitrarily assumed to be the same as for an equal 
concentration of NaOH (or KCl) in water alone—approximations giving results 

1 The approximate px 9 value was fixed by determining its py-end-point, which was found to 
be py 7 (Harris, 1923, 1, pp. 453, 482, 451] and also electrometrically [Harris, 1923, 2, p. 3300]; 
whilst the highly alkaline value was based on the observation that no measurable alkali was needed 
when titrating arginine to the standard end-point py 11-5, satisfactory for other amino-acids 
(Harris, 1923, 1, pp. 479). 
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sufficiently accurate for the present purpose [Harris, 1925]. These values of y 
for NaOH and KCl were taken from the result of Harned [1925] and Noyes 
and McInnes [1920], respectively. If great precision is required in the very 
acid part of the curve, py < 2-2, it would be more accurate to take somewhat 
higher values for y, 7.e. approximating more towards y for HCl. 

The experimental results and values derived therefrom are tabulated below. 












Table I. Titration of arginine with NaOH at 23°*. 






0-1050 g. dissolved in 5-0 cc. of CO,-free water and titrated with 1-08 N NaOH. 

































(d) 
ec. of Ex- (9) = 
1:08 N . pressed (e) f y corre- > 
(a) (b) (c) NaOH asWN/1 _— Total [NaOH] _ sponding o 
E.M.F. Pu [H*] added NaOH vol. =d/e with f ~ 
868-0 10-53 0-30 x 10-19 0-000 0-000 5-00 — — 3 
898-5 11-05 0-89 x 10-44 0-022 0-024 5-02 0-0046 0-92 3 
926-0 11-52 0-30 x 10-4 0-050 0-054 5-05 0-0107 0-92 9 
946-0 11-85 0-14 x 10-4 0-086 0-093 5-09 0-0183 0-88 3 
955-0 12-00 1-00 x 10-2 0-115 0-125 5-12 0-0244 0-88 s 
963-0 12-14 0-73 x 107!" 0-150 0-162 5-15 0-0315 0-86 = 
979-0 12-40 0-40 x 10-12 0-260 0-283 5-26 0-0538 0-82 2 
987-5 12-56 0-28 x 10-22 0-360 0-390 5°36 0-0728 0-78 ¥ 
994-0 12-66 0-22 x 10-2 0-470 0-509 5-47 0-0931 0-77 
1009-0 12-91 0-12 x 10-# 0-850 0-920 5°85 0-157 0-75 









) 






of CO,-free water 








(j) cc. of (1 
(7) [Com- combined Equivs. 
(h) [Free bined NaOH, of com- 
[OH’] NaOH] NaOH] 1-0 N bined (m) (n) 
=Ky/[H*] =[OH’|/y =f-i j xe NaOH log a/(1 —a) Pr 











Titration of arginine with HCl at 23°. 












000124 0-00135 0-0033 0-0164 = = = 
0-00367 0-00398 0-0067 0-0339 0-029 +1-51 13-03 -_ 
0-00786 0-00893 0-0094 0-0479 0-053 + 1-25 13-10 aS 
0-0110 0-0125 0-0119 0-0609 0-076 +1-09 13-09 es 
00151 00176  0-0139 0-0712 0-092 +099 13-13 <3 
0-0275 0-0355 0-0183 0-096 0-125 +0-84 13-24 = 3 
00393 0-0504 0-0224 0-120 0-176 +0-67 13-23 Hs 
0-0500 0-0650 0-0281 0-154 0-230 +052 13-18 ° 
0-0916 0-122 0-035 0-209 0-322 +032 13-23 = 





* In view of the fact that specimens of arginine base may contain variable amounts of water of 
hydration and possibly also traces of combined acid the following method was adopted to convert 
actual amounts of HCl or NaOH added into true equivalents of HCl or NaOH, i.e. equivalents 
corrected for normality of the arginine preparation. The py values (ordinates) were plotted against 
the HCl (or NaOH) actually added (abscissae), and the scale for the abscissae was then inserted 
as equivalents, so as to show exactly one unit between the two well marked points of inflection 
which occur at about py 6 and 11, representing monohydrochloride and free base respectively. The 









values on this scale of equivalents are used in the above table. 

The specimen of arginine on which the above results were obtained gave on combustion: 
N =30-2 % (by titration, 4 x amino-N =31-6 %; theory for C,H,,0.N, =32-18). 

A duplicate titration curve was determined upon a second specimen of arginine, derived from 
the same source (Hoffmann la Roche), and gave closely concordant values (not shown). 

A specimen of “arginine” obtained from Pfanstiehl on the other hand, although described as 
of 100 % purity, required only 81-3 °% of the theoretical amount of HCl to titrate one group; gave 
irregular p, curves; and on analysis showed C=38-47 %, H=7-90 %, N=26-57 % (theoretical 
for C,H,,0,.N,: C=41-:34%, H=8-10%, N=32-18%). Its titration values are therefore 


neglected. 
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2. Formaldehyde titrations. 


Titration curves were also determined in the presence of formaldehyde 
(Fig. 1), for this technique enables one to determine which of the py values 
relate to the amino- and which to the carboxyl groups and hence in any given 
case to obtain direct evidence [Harris, 1928, 1929] for or against the zwitterion 
formula—for which only indirect evidence had previously been available. The 
method, already applied by Harris to certain other amino-acids, rests on the 
following considerations. When formaldehyde is added to a simple base, the 
production of any methylene derivative, in equilibrium with the base, results 
in a diminution of the apparent basic strength, which is shown by a fall in the 
px Value of the titration curve. Titration curves of acids on the other hand are, 
in general, naturally not affected by formaldehyde. Now when we titrate 
amino-acids, peptides or the like in formaldehyde we find that we get a number 
of px values shifted (towards diminished basicity) equal to the number of 
amino-groups in the molecule; and virtually no shift occurs in those remaining 
px Values corresponding with the carboxyl groups. For example, glutamic 
acid, or reduced glutathione [Pirie and Pinhey, 1929], show two stationary and 
one shifted p, values, lysine one stationary and two shifted, glycine one 
stationary and one shifted, and so on. The shifted p, values in the amino-acid 
must clearly relate to the amino-groups for the following reasons. (1) In 
general, with mixtures of simple acids and bases of known p, values it is 
always the basic and not the acid groups which are so shifted. (2) In ampho- 
lytes again, as just indicated, the number of p, values shifted is equal to the 
number of amino-groups in the molecule and the number not shifted to the 
carboxyls. (3) It the contrary view were taken (i.e. that the shifted curve re- 
lated to a carboxyl group and the unchanged to an amino-group) it would 
mean that formaldehyde causes no change in the measurable real basic strength, 
a conclusion difficult to reconcile with the fact that the formaldehyde is added 
(in Sorensen titrations) with the express purpose of weakening this basicity; 
it would also mean that there is an immense (e.g. 100,000 fold) increase in its 
true acid strength (i.e. in K,, as opposed to ka, the constant for an apparent 
acid group, as used in Harris’s early papers where this effect of formaldehyde 
was first described),—a ridiculous supposition, most strikingly so in the case 
of molecules like polypeptides where the distance of the amino- from the 
carboxyl group would preclude the possibility that any slight change in the 
former would appreciably influence the strength of the latter. (4) Lastly it 
may be added that in its formaldehyde titration curve glycine behaves in a 
manner exactly parallel with ammonium acetate (the analogue of the zwitterion 
or “internal ammonium salt”) and just contrary to a weak acid-weak base 
mixture (the analogue of the classical amino-acid formula). 

In the case of arginine the p, at 9-1 is due to an amino-group and that at 
2-2 to a carboxyl group, for we found that the former p, was shifted by formal- 
dehyde in the direction of diminished basicity and the latter remained virtually 
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>Na0H 
16 4 2 10 0-2 04 06 
Equivalents (corrected for (1) HCl and NaOH blanks, and (2) molarity 
of arginine preparation 


Fig. 1. Acid-base combination curve of arginine. 


O Experimental at 23° in water. x Experimental at 17° in water. 
— Theoretical curve drawn from p, =2-18, p, =9-09, p, =13-2 at 23°; or p, =2-17, 
. ie 1 2 - 3 a 1 
Py, =9'29, py > 13-2, at 17°. (The temperature shift in p, corresponds with the change 
2 3 2 
in the value of pg, and is assigned to a basic (amino) group with a small temperature coefficient 


for its Kz, while Py, is assigned to the carboxyl group with a K, having similarly a relatively small 
. ! ) 


temperature coefficient. 
+++ Titration in formaldehyde (0-25 %) at 17°. With formaldehyde there is no appreciable 
shift in the p, curve but considerable upward shift in the p, curve (increasing with further 
1 2 
additions of formaldehyde). It is therefore concluded that the latter relates to a basic (amino) 
group, the basicity of which is weakened in presence of formaldehyde; and the former to tie 
carboxyl group, since it is found in general that the true acidity of carboxyl and similar groups is 


not appreciably affected by HCHO. 
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unchanged. The p, values 9-1 and 2-2 are of the same order as those found for 
the amino- and carboxyl groups respectively in other a-amino-acids, and this 
of course is an additional argument in favour of our assignment. One concludes 
therefore that the p, at 13-14 is due to the very strongly basic guanidine group, 
an assumption which is further confirmed by a direct titration curve which we 
have carried out on free guanidine base itself, from which we find that its 
dissociation constant is no less in magnitude but in fact somewhat larger even 
than that which we have assigned for the combined guanidine group of 
arginine. 


3. Magnitude of p, temperature shifts. 


We have obtained yet further evidence supporting the above assignment, 
along somewhat novel lines, as follows. When titrations with the hydrogen 
electrode are carried out at several slightly differing temperatures, that curve 
which relates to the carboxyl group in the amino-acid (e.g. in glycine) shows no 
appreciable shift; that is, the py, value has a small temperature coefficient. 
But, on the other hand, the titration curve for the amino-group shows a con- 
siderable shift with temperature, the magnitude of the shift depending mainly 
on the comparatively large change in the value of px,,1, which of course enters 
into the hydrogen ion equation for a base, but not an acid; hence the magnitude 
of the real basic constant, px,, calculated by subtracting px (i.e. “py,” 
from the value for px,, at the temperature in question, is, like the real acid 
constant, little affected by small temperature changes. 

In general, the combination curve of a basic group will show less change 
with temperature when plotted on the OH than on the H scale, while that of 
an acid group will show less change with temperature when plotted on the H 
than on the OH scale; provided always that the temperature coefficient for 
the px, (or px) is small compared with that for px,,. The reverse would be 
true were the temperature coefficients greater than that for px... 





a l, 


Fora base Py =Pew-Pee—log;- ov 


a 9 


or Pou = eee ae 











. t a 
For an acid py = Peatlog = vere i; 





a 
or Pou = PKw — PK, — log “po 


That is, px,, with its appreciable temperature coefficient is involved in Equa- 
tion 1, but not 2 for bases, and in Equation 2 but not 1 for acids. These re- 
lations between titration curve temperature shifts and temperature coefficient 
of dissociation constants will be discussed in detail in a later paper. 


1 For the purpose of the present treatment we are adopting the classical, pre-Bronsted formu- 
lation of base-acid equilibrium. 
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In the case of arginine the first HCl curve is shifted just as is the NaOH 
curve with glycine; but the second HCl curve is not appreciably shifted. We 
assume therefore that the first HCl curve (p,,) relates to a basic group. Its 
px Value, if expressed as a pg, constant, would show a relatively large shift 
with temperature; whereas expressed as a px, constant (pg, = Pew — Pk) 
it shows only a relatively negligible temperature shift. On the other hand, the 
value p;, expressed as an acid constant shows little change with temperature: 
we accordingly assume, in further confirmation of the earlier evidence given 
above that it relates to an acid group. In the case of p,, there is a significant 
increase with lowering of temperature, so that we have here again additional 
evidence for relating it to a basic group. 


Table V. Zwitterion constants for arginine. 


Temp. Pe PKA PKe (=PKx — Py) 
‘ (17 217 2-17) a 
ky 23° 2-18 2-18} se 


P 17° 9-29 =—_ 4-88 (=14-17 —9-29)) 
Ko {23° 9-09 = 4-87 (=13-96 — 9-09) | 


Our conclusions may be summarised and compared with Simms’s, as 


follows. 
Table VI. p, values’ of arginine. 


Birch and Harris Simms 
= : — : 
concentration =0-1 N 


—E_ ee ee 

temp.=23° temp.=17° 
Guandine group 13-2 > 13-2 
a-Amino-group 9-09 9-29 
Carboxyl group 2-18 2-17 


II. Histip1ne. 


Similar methods were applied to histidine, and details and results are 
appended below. 

It will be noticed that the titration curve includes a second group titrating 
with acid at py 1-8, not shown by Hirsch. 

Since this work was concluded Schmidt et al. [1929] have published values 
for histidine which are in excellent agreement with our figures, although these 
authors express the NaOH and second HCl curves as k, and k,, constants 
respectively while we have definitely established them as Ky, and K, con- 
stants (from formaldehyde titrations, and a comparison of the magnitude of 
the temperature shift; see Fig. 2). px, (first HCl curve) remains a basic group, 
and no doubt relates to the iminazole group. 

1 & is used throughout for the apparent or titration constant, and is not necessarily exactly 
identical with the true dissociation constant of the formal classical definition. K, and K, denote 
the titration constants expressed in the zwitterion mode, or the constants of true acids and bases: 
k, and k, denote the constants of apparent acids and bases. 
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Table VII. Titration of histidine monohydrochloride hydrate with NaOH at 23°. 


Hofmann la Roche specimen: 0-1047 g. dissolved in 5 cc. of CO,-free water, 
to make decimolar solution, and titrated with 1-08 N NaOH. 


ec. of NaOH, NaOH in 










= — . — a wa 

































E.M.F. Pu 1-08 V equivalents log a/(1 —a) Pr 
477-0 3-94 0-000 0-000 0-00 — 
527-5 4-80 0-028 0-060 +1-19 5-99 
545-0 5-10 0-048 0-104 +0-93 6-03 
557-5 5-31 0-076 0-164 +0-71 6-02 
568-0 5-49 0-108 0-234 +0-51 6-00 
577-0 5-64 0-148 0-320 +0°33 5-97 
587-0 5-81 0-190 0-410 +0-16 5-97 
597-0 5-98 0-234 0-506 —0-01 5-97 
600-0 6-03 0-256 0-554 — 0-09 5-94 
605-0 6-12 0-278 0-602 —0-18 5-94 
616-0 6-30 0-324 0-700 — 0-37 5-93 
632-5 6-58 0-376 0-812 — 0-63 5-95 
642-0 6-75 0-400 0-864 -- — 
649-0 6-88 0-422 0-912 — coe 
666-5 7-16 0-447 0-966 — —- 
685-0 7-48 0-470 0-016 — —- 
700-0 7-74 0-488 0-058 +1-21 8-95 
713-5 7-97 0-506 0-094 +0-98 8-95 
725-5 8-17 0-532 0-150 +0-75 8-92 
737-5 8-38 0-562 0-216 +0-56 8-94 
746-0 8-52 0-592 0-280 +0-41 8-93 
757-0 8-71 0-630 0-360 +0-25 8-96 
768-5 8-91 0-678 0-464 +0-06 8-97 
774-5 9-01 0-700 0-512 — 0-02 8-99 
780-0 9-11 0-728 0-572 —0-12 8-99 
794-0 9-34 0-782 0-690 — 0-35 8-99 
809-0 9-60 0-832 0-798 — 0-59 9-01 
818-0 9-75 0-860 0-858 —0-77 8-98 
835-0 10-12 0-892 0-926 — — 
853-0 10-34 0-918 0-980* —— aos 
877-0 10-75 0-932 1-002* — — 
894-0 11-04 0-944 1-026* — — 






* Corrected for blank. 





Table VIII. Titration of histidine monohydrochloride hydrate with HCI at 23°. 


Hoffmann la Roche specimen: 0-1047 g. dissolved in 5 cc. of CO,-free water, 
to make decimolar solution, and titrated with 1-0 N HCl. 
































(d) (9) 
ce. of (e) y corre- 
(a) (b) (c) N HCl Total (f) sponding 
E.M.F. Pu [H’*] added vol. [HCl]=d/e+0-1 with/ 
477-0 3-96 0-0001 0-000 5-00 0-1000 0-74 
431-0 3°17 0-0007 0-024 5-02 0-1044 0-74 
413-0 2-86 0-0014 0-048 5-05 0-1095 0-74 
399-0 2-63 0-0023 0-078 5-08 0-1138 0-74 
387-5 2-43 0-0040 0-116 5-12 0-1203 0-73 
378-0 2-27 0-0054 0-162 5-16 0-1284 0-73 
368-0 2-09 0-0081 0-224 5-22 0-1392 0-73 
358-5 1-93 0-012 0-290 5-29 0-1495 0-72 
350-0 1-79 0-016 0-358 5-36 0-1601 0-72 
; (j) (k) (2) 
(2) {HCl ee. of com- Equivs. of 
[HCl free] combined] bined HCl, combined (m) (n) 
=[H")/y =f-i 1-0N =j xe HCl log a/(1 -—a) Px 
—- 0-1000 0-500 0-000 a = 
0-0009 0-1035 0-520 0-040 — 1-38 1-79 
0-0019 0-1077 0-544 0-088 — 1-02 1-84 
0-0031 0-1107 0-564 0-128 —0-°83 1-80 
0-0055 0-1148 0-588 0-176 — 0°67 1-76 
0-0074 0-1210 0-624 0-248 — 0-48 1:79 
0-0111 0-1281 0-669 0-338 — 0-29 1-80 
0-0167 0-1328 0-703 0-406 —0-17 1-76 
0-0222 0-1379 0-739 0-478 — 0-04 1-75 
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HC] <————_ ———> NaOH 

¢ O- 0-6 O04 0-2 0 0-2 0-4 0-6 0-8 ie) 1-2 1*4 6 SB 20 

Equivalents (corrected for HCl and NaOH blanks) added to histidine monohydrochloride hydrate 
Fig. 2. Acid-base combination curve of histidine. 

© Experimental (23°). 

> Theoretical curve for Py values at 1-78, 5-97, 8-97. At a lower temperature, viz. iT. 
Pr, and Px, values were notably increased and therefore are assigned to basic groups. By analogy 
with all the a-amino-acids, the p, at about 9—i.e. Py, —no doubt relates to the a-amino-group and 
hence the p, at 6—1.e. p, —relates to the iminazole group. Formaldehyde titration, again, con- 
firms the assignment of Pre, to the carboxyl and Pr, and Pr, to basic groups. 

eee Formaldehyde titration readings, with theoretical p, curves. 


—-- Curve given by Hirsch showing only one acid and one basic group each possessing 
different p,, values from the above, and with no point of inflection at about py 7:5. 


Table IX. p, values for histidine. 


Calculated by 
Harris [1923, 1] Schmidt, 
from Kanitz’s Appleman 
conductivity Hirsch Simms and Kirk _ Birch and 


Temp. measurements [1924] [1928] [1929] Harris 
25° 18° 25°? 25° 23° 
Pr, 1-7 a 1-46 1-82 1-78 
Pr, 5-8 3: 6-06 6-01 5-97 
Pr, 8-7 “7 9-41 9-17 8-97 


SUMMARY. 


1. The py value 8-15 given by Simms for the guanidine group in arginine, 


on the basis of which he postulated the existence of a “prearginine” group in 
proteins, is widely divergent from a value, viz. py = ca. 13 to 14, previously 
deduced (1) by one of us from titration readings and Kanitz’s conductivity data, 


and (2) electrometrically by Hunter and Borsook. 
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An accurate redetermination has given us the three p, constants, 13, 9-09 
and 2-18 (¢ = 23°, 0-1 N), in good agreement with earlier values. 

It is shown, by Harris’s formaldehyde titration technique, and by a new 
method involving measurement of the shift of p,,, with temperature, that the 
first of these relates to the guanidine group, the second to an amino-group 
and the third to the carboxyl group. That is, the magnitude of the guanidine 
group’s dissociation constant as determined by us is 100,000 times greater 
than that given by Simms. 

2. Since the titration curve of histidine was originally reported by one of 
us to consist of three px components, whilst Hirsch described two only, a 
redetermination has been made which gives the three p, values 8-95, 5-98 and 
1:78 (at 23° and 0-1 N); the first relates to the amino-, the second to the 
iminazole and the third to the carboxyl group. 
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